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ABSTRACT

UNRAVELING THE CONSEQUENCE OF ADULT ONSET SULFATIDE DEPLETION: ITS IMPLICATIONS IN

MYELIN AND AXONAL HEATH IN THE CONTEXT OF NEURODEGENERATIVE DISEASE

By Elizabeth Dustin, B.S

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy at
Virginia Commonwealth University.

Virginia Commonwealth University, 2023

Director: Jeffrey L. Dupree, Ph.D.

Associate Professor

Department of Anatomy and Neurobiology

Deputy Associate Chief of Staff for Research and Development
Richmond VA Medical Center

Multiple Sclerosis is an immune mediated disease of the CNS. MS is diagnosed through detection of
demyelinated regions. However, recent studies demonstrate that Normal Appearing White Matter (NAWM)
contains substantial pathology. One such pathology observed in the NAWM is the reduction of sulfatide. The
proper stoichiometry of lipids in myelin acts to maintain rapid conduction velocity, provide trophic support to the
neuron, and protect the axon from degeneration. We previously characterized a mouse lacking sulfatide’s
synthesizing enzyme, CST through constitutive gene disruption and demonstrate that sulfide is required for
proper stability of the myelin sheath. However, since MS is typically diagnosed in adults, the constitutive CST
KO mouse has limited clinical relevance since these mice lack sulfatide embryonically. To generate a more
clinically relevant model, our lab generated a “floxed” CST mouse, mating it to the PLP-crefRT driver to provide
spatial and temporal ablation of sulfatide. | demonstrate that there is no change in g-ratios or myelin
abnormalities, but there is presence of axonal degeneration. In addition, ion channels and Casprl become mis-
localized, with loss of contactin-neurofascinl155 binding. Subsequently, EP activity of myelinated fibers is
disrupted. | also demonstrate lack of neurofascin155 stability within the myelin sheath, which is likely due to

X



loss of sulfatide stability. Together, my studies show that adult onset sulfatide depletion is sufficient to drive
axonal pathology while maintaining myelin integrity. These findings have significant implications in
understanding the clinical presentation of MS indicating that loss of CNS function may precede demyelination

in this devastating disease.
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CHAPTER ONE

INTRODUCTION

1.1 The Central Nervous System

The central nervous system (CNS) serves as an information processing center and coordinated outputs. The
CNS consists of the brain and spinal cord and contains highly specialized cells known as neurons and glia
(astrocytes, microglia, and oligodendrocytes). Neurons of the CNS are highly polarized, having dendrites to
receive information from other neurons, an axon to propagate electrical signal, and synaptic terminals to
transmit the signal (Holcomb et al., 2013; Britt et al., 2016). Astrocytes are highly diverse and have a wide
variety of roles such as forming synapses, supplying energy to neurons, regulating blood flow, mediating ion
buffering, and modulating disease (Y. Kim et al., 2019; N.-S. Kim & Chung, 2023; Z. Chen et al., 2023).
Microglia are CNS myeloid derived cells. Microglia are highly adaptive cells to their environment and function
to immunologically regulate the CNS environment (Borst et al., 2021; L. Zhang et al., 2023). Oligodendrocytes
are highly specialized cells which contribute to the white matter through the production of myelin, which will be

discussed below.

1.2 Brief History of the Myelin Sheath

The term “myelin” was first coined by Rudolf Ludwig Virchow in 1858. Stating this “medullary matter” has the
consistency of egg yolk, he was correct in that myelin is a lipid rich substance. (Boullerne, 2016). It was not
until 1922 when Pio del Rio-Hortega, together with his colleague Wilder Graves Penfield, hypothesized that
myelin could be made by oligodendrocytes (del Rio-Hortega, 1924; Penfield, 1924). Since then, the
biochemical composition and function of the myelin sheath continues to be discovered. Here, | will briefly
discuss the biochemical composition of the myelin sheath and how its unique composition is critical to function

and consequential for disease.

1.3 Oligodendrocyte Lineage



Oligodendrocytes are unique in that their development consists of a lineage of cells with each stage having
their own function (J.-Q. Wang et al., 2023). Neural stem cells commit to the oligodendrocyte lineage and
become oligodendrocyte precursor cells (OPCs) under the influence of Oligl/2, NKX2.2, and Sox10 (Emery,
2010; van Tilborg et al., 2018) and platelet derived growth factor (PDGF) promotes proliferation and inhibits
differentiation. The main functions of OPCs are to migrate, proliferate, and differentiate into myelin producing
cells during development (Hughes et al., 2013); however, they also have a wide variety of functions in the adult
brain that includes ion buffering, launching immune response, and modulating signal transduction (Lin &
Bergles, 2004; Karadottir et al., 2008; Larson et al., 2018; Falcao et al., 2018; Madsen et al., 2020). Under the
regulatory control of Myrf, OPCs mature into pre-oligodendrocytes (Bujalka et al., 2013) and then continue to
differentiate into premyelinating oligodendrocytes that begin to express enzymes required for synthesis of
myelin specific lipids such as galactosylceramide. Finally, the maturing oligodendrocytes extend membranous
processes that contact and initiate that wrapping around the axon. These membranous extensions of the
mature, myelin competent oligodendrocytes, which express a unigue complement of myelin specific
constituents such as proteolipid protein (PLP), myelin basic protein (MBP), myelin oligodendrocyte glycoprotein
(MOG), and sulfatide, continue to wrap the axon resulting in a multilayer lamellar structure that constitutes the
immature myelin sheath. With continuous wrapping and extrusion of the oligodendrocytic cytoplasm,
membrane compaction occurs resulting in the mature myelin sheath. (Trapp et al., 1997; Trajkovic et al.,

2006).

1.4.1 Biochemical Composition of Myelinating Oligodendrocytes

While the myelin sheath is contiguous with the plasma membrane of the oligodendrocyte cell body, it has a
unique biochemical composition that consists of 70% lipid and 30% protein, whereas most plasma membranes
contain a 50/50 ratio (Williams et al., 1993; Morell & Quarles, 1999). MBP and PLP are the major myelin
proteins, making up about 30% and 50% of the protein composition of myelin, respectively (Jahn et al., 2009).
The remaining composition of myelin proteins consist of over 300 proteins. A few prominent myelin-specific

proteins, which will be discussed in this thesis, are; 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNP), myelin-



associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG), and Neurofascin 155 (Nfasc 155).
Myelin membrane lipids consist of about 30% cholesterol, 40% phospholipids and 30% glycosphingolipids
(GSL), whereas plasma membrane composition has much lower glycosphingolipid content but higher

phospholipids (O’brien, 1965; Casares et al., 2019).

1.4.2 Myelin Lipids

As stated above, the myelin membrane is composed of about 40% phospholipids, 30% cholesterol, and 30%
glycosphingolipids (Casares et al., 2019). Phospholipids are found in most plasma membranes; however, the
myelin membrane is uniquely enriched with plasmalogens, a class of ether-linked phospholipids (Nagan &
Zoeller, 2001; Chrast et al., 2011) and are localized to the inner leaflet of the myelin bilayer (Aggarwal et al.,
2011). Cholesterol is a well-known class of lipid that has many essential functions in the myelin sheath
including membrane compaction, fluidity, and localization of myelin proteins, as well as limiting ion leakage
through membranes, which facilitates efficient conduction (Haines, 2001; Ohvo-Rekila et al., 2002). Once
cholesterol is produced, it is trafficked to the trans-Golgi network (TGN) and clustered with GSLs to form
microdomains. GSLs can be divided into glucosylceramides (GlcCer) and galactosylceramides (GalCer),
differing by the addition of a glucose versus a galactose head group, respectively. De novo synthesis of GSLs
begins on the cytoplasmic leaflet of the endoplasmic reticular (ER) membrane (Wigger et al., 2019).
Condensation of L-serine and palmitoyl-CoA catalyzed by L-serine palmitoyl transferase forms 3-
ketosphinganine, which is then reduced to sphinganine via 3-ketosphinganine reductase. The ceramide
synthases (CerS) form dihydroceramide with a carrying chain length. Ceramide synthases consist of a family
ranging from CerS1 to CerS6, each having selective substrates for addition of a variety of chain lengths.
Generally, CerS1-3 catalyzes the addition of a loner chain C20-24 and CerS4-6 catalyzes the addition of a
shorter chain length. These chain lengths have a variety of differential function including development, immune
response, and cellular signaling (Hirahara et al., 2000; Jahng et al., 2004, Laviad et al., 2008; Maricic et al.,
2014; Hirahara et al., 2017). Dihydroceramide is the precursor to the GSL backbone known as ceramide,

which varies in alkyl chain length due to the CerS, hydroxylation state, and desaturation, contributing to



increased variation of GSLs population. After formation of ceramide, the lipid can be decorated with various
moieties resulting in the synthesis of the above-mentioned lipids. These final synthetic steps occur within both

the ER and the Golgi.

The myelin sheath is enriched in GSLs compared to other membranes, which allows the sheath to have a
higher degree of organization. (Poduslo, 1975; Norton & Cammer, 1984). GSLs consist of a sugar residue with
a ceramide backbone, having an acyl chain. These physical properties of a larger head group and fatty acid
backbone induces membrane curvature, giving structural stability to the spiraling myelin around the axon

(Curatolo & Neuringer, 1986; Castro et al., 2014; Alonso & Goiii, 2018).

1.4.2.2 Microdomains

The enrichment of the myelin sheath with GSLs facilitates the formation of unigue membrane domains known
as microdomains (Fiedler et al., 1993; Bieberich, 2018). Microdomains form through weak associations
between the carbohydrate head groups of adjacent GSLs and the tight clustering characteristic of rafts is
further facilitated by the close packing of their frequently saturated acyl chains. Microdomains are small in size
rarely larger than 200nm; they are heterogeneous, highly dynamic, cholesterol and sphingolipid rich domains
that compartmentalize cellular processes (K. Simons & lkonen, 1997). For many years, the presence of
microdomains was highly debated due to the limited methods of study. A prime approach for the isolation and
analysis of lipid rats was the use of detergents, such as Triton X-100, Triton X-102, CHAPs, or Brij98 (Hope &
Pike, 1996; Cubi et al., 2013). Membranes were exposed to detergents and the non-soluble fraction was
collected and termed detergent resistant membranes (DRMs), which were considered analogous to
microdomains (Fiedler et al., 1993; Hope & Pike, 1996; T. Kim & Pfeiffer, 1999; Taylor et al., 2002;
Lichtenberg, 2005; Cubi et al., 2013; Carita et al., 2017). Although this approach was frequently used for raft
isolation, significant concerns surrounded this approach based on the potential for artificial associations that
resulted from the vigorous homogenization and centrifugation methods required for DRM harvesting. Presently,

microdomains are well accepted consequential of improved methods of analysis including super resolution
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imaging techniques that allow for the discrimination of structures smaller than 200nm (Klar et al., 2001; Rust et

al., 2006; Sezgin, 2017).

Microdomains regulate vital cellular processes by serving as platforms for cellular communication and
transduction by spatially regulating protein associations (Hope & Pike, 1996; K. Simons & lkonen, 1997,
Subczynski & Kusumi, 2003; Garcia-Arribas et al., 2016; Roy & Patra, 2023). Proteins that are associated with
rafts are typically post-translationally modified by the addition of glycosylphosphatidylinositol (GPI) anchors,
fatty acids (e.g., palmitoyl-residues), or isoprenylated or acylated groups (Benjamins et al., 2012). These long
carbon chains enable the protein to form close associations with the carbon chain of the GSLs, resulting in the
sequestering of specific proteins based on their post-translational modifications (Melkonian et al., 1999;
Mollinedo & Gajate, 2020). Apart from post-translationally modified sites, little is known about raft targeting
motifs in proteins. Most recently however, it was found that sulfatide can bind directly to a myelin protein,
Neurofascin 155 (Nfasc155) (McKie et al., 2023) at multiple binding sites on the extracellular domain. Although
Nfasc155 is known to be palmitoylated which facilitates raft inclusion (Ren & Bennett, 1998), this current paper
provides an alternative mechanism for neurofascin association with raft enriched lipids. Therefore, further work
needs to be conducted to provide a more complete understanding of how proteins associate with these unique

lipid domains.

1.4.2.3 importance of glycosphingolipids in the myelin membrane

As discussed above, GSLs are enriched in microdomains and this raft association provides GSLs with the
unique opportunity to mediate a variety of cellular functions. However, myelin GSLs may also regulate myelin
membrane structure and function through mechanisms that may be independent of raft association (Pasquini
et al., 1989; Yamashita et al., 1999; M. Simons et al., 2000; Furukawa et al., 2001; Fewou et al., 2010;
McGonigal et al., 2019). The major glycosphingolipids of the myelin sheath are galactosylceramide (GalCer),
and it’s sulfated derivative, 3-O-sulfogalactosylceramide (sulfatide) (O’Brien & Sampson, 1965; Grassi et al.,

2016). GalCer and sulfatide comprise up to 16% and 4% of myelin lipids, respectively (Bosio et al., 1998;
5



Dasgupta et al., 2002). Together, they interact across apposed membranes on the myelin sheath potentially
forming the “glycosynapse”, which stabilizes compact myelin but also may aid in transmitting signals
throughout the myelin sheath (Boggs et al., 2004; Boggs, 2014). The synthesis of these 2 lipids is dependent
on the transfer of a galactose head group from UDP-galactose to ceramide, a synthetic step that is catalyzed
by the UDP-galactose:ceramide galactosyltransferase (CGT) to form GalCer (Morell & Radin, 1969; Sprong et
al., 1998; Hanada et al., 2009) . To form sulfatide, GalCer is transported to the Golgi and the enzyme
cerebroside sulfotransferase (CST) catalyzes the addition of a sulfate group to the galactose resulting in the

formation of the GalCer derivation sulfatide (Yaghootfam et al., 2007).

Sulfatide is a highly multi-functional lipid involved in myelin development and maintenance, cellular proliferation
and differentiation, structural stability, molecular organization, and even regulating immune response (Bansal
et al., 1999; Marcus et al., 2002; Shroff et al., 2009; Hayashi et al., 2013a; A. Pomicter et al., 2013; Su et al.,
2021). Largely, these functions of sulfatide were determined through the creation of a constitutive knock-out
(KO) of the CST gene, galactose3-O-sulfotransferase 1 (Gal3stl). CST is expressed in oligodendrocytes, but
also in non-neural tissues such as kidney, liver, and testis (Honke et al., 2002). Our current studies build off of
decades of work that focused on the constitutive CST KO mouse in an attempt to better understand the role of

sulfatide in the myelin sheath in regards to MS onset.

The CST KO mouse was created and published in 2002 by Dr. Koichi Honke. An extensive characterization of
the constitutive KO mouse revealed extensive and progressive myelin pathology such as inverted paranodal
loops, myelin splitting, and axonal swelling at 12 weeks of age. These pathologies are likely what contributed
to the concomitant motor dysfunction such as a whole body tremor and hindlimb weakness (Honke et al.,
2002). Noticing structural abnormalities at the level of the paranode, our group continued to use this mouse to
further understand the role that sulfatide plays in the formation and maintenance of the myelin sheath.
Ishibashi et al., (2002a) used this mouse and discovered that voltage gated potassium channels, Kv1.1, and

voltage gated sodium channels, Navl.6, were mis-localized and also the stereotypic clustering of these
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channels progressively disappeared in the aged CST KO mouse. Due to the sodium and potassium channels
initially being localized properly, with subsequent mis-localization, our group deemed sulfatide has a role in
myelin maintenance. Although sulfatide loss is along a developmental timeline, the myelin domains localized
normally. However by week six they are significantly diminished (Ishibashi et al., 2002a). This data suggests

that sulfatide is essential for maintaining the ion channel domains.

In addition, qualitative assessment of the myelin sheath indicated demyelination was not occurring.
Subsequent ultrastructural analyses determined that although widespread myelin loss was not evident, myelin
integrity was compromised, and resulted in progressive loss of myelin integrity (Marcus et al., 2006) and that
sulfatide regulated the oligodendrocyte population (Shroff et al., 2009). Together, the use of the constitutive

CST KO demonstrated that sulfatide is essential for the development and maintenance of the myelin sheath.

Sulfatide in the myelin sheath is present in different “species” having a variation in acyl chain length ranging
from C16-C24. Although not completely elucidated, evidence indicates that the different chain lengths may
mediate unique functions. The chain length varies with maturation of the oligodendrocyte, with C16 and 18
being prominent in OPCs and C24:0 and 24:1 being the most prominent in mature oligodendrocytes (Hirahara
et al., 2017). The C24 chains combined with the lipid’s large head groups positioned on the extracellular side of
the membrane leaflet are together, thought to aid in the curvature required for myelin to wrap around the axon
(Chrast et al., 2011). Other studies have demonstrated different chain lengths of sulfatide can have different
immunogenic responses, and different chain lengths of sulfatide are found in the serum of MS patients

compared to healthy controls (Jeon et al., 2008; Moyano et al., 2013; Maricic et al., 2014).

In microdomains, sulfatide maintains protein associations in the myelin sheath. Using Triton X-100 as a
detergent, our lab determined that sulfatide is required for certain myelin proteins, such as MAG and
neurofascin 155 high (Nfasc155H), a novel form of neurofascin 155, to be stabilized in the membrane (A. D.
Pomicter et al., 2010a; A. Pomicter et al., 2013). This had clinical significance as in tissue from multiple

sclerosis patients, Nfasc155H was also reduced after exposure to triton (A. D. Pomicter et al., 2010a).
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1.4.3 Myelin Proteins

Myelin basic protein (MBP) is a major myelin protein found in the compact myelin sheath. It has four isoforms
in the mouse and has several post-translational modifications such as deamidation, citrullination,
phosphorylation, and methylation (Poduslo, 1975; Chou et al., 1976; Zand et al., 1998). Because of its highly
positive charge, expression of MBP at the myelin sheath interacts with the negatively charged cytoplasmic
membrane surface that brings the two layers together at their cytoplasmic sides forming the MBP-rich major
dense line, resulting in myelin compaction (Aggarwal et al., 2011). MBP has long thought to be considered an
autoantigen for the onset of MS. Interestingly, MS patients present with altered post-translational modifications

of MBP, which may have pathogenic significance (Steinman, 2001; J. K. Kim et al., 2003).

The other major myelin protein, proteolipid protein (PLP), is a hydrophobic, transmembrane protein that spans
the membrane four times and can be palmitoylated and acylated (Bizzozero et al., 2002). Similar to MBP, PLP
is a major constituent of the myelin sheath and is considered a marker of mature oligodendrocytes. In contrast
to its role as a marker of maturation, PLP’s smaller splice variant, DM20, is synthesized early in development
with a gradual decline in expression with maturation and is a minor constituent of myelin although it presents
with similar properties to PLP (Milner et al., 1985; K. A. Nave et al., 1987; Campagnoni & Skoff, 2001). Also
similar to MBP, PLP’s major functions include assembly and stabilization of the myelin sheath but in contrast to
MBP, which mediates the formation of the major dense line, PLP acts to bring together the correct apposition
of the extracellular leaflets of the membrane resulting in the formation of the intraperiod line (Boison & Stoffel,

1994; Boison et al., 1995).

Myelin-Oligodendrocyte Glycoprotein (MOG) is an integral membrane protein located in the extracellular leaflet
of the noncompact myelin (Burger et al., 1993). The function of MOG is not fully understood, but due to its
extracellular domain, it may be involved in cell surface receptor or cell signaling (Johns & Bernard, 1999;

Martini & Schachner, 1986). It is found in detergent resistant membranes, likely forming protein-lipid
8



interactions through n-linked glycosylation (T. Kim & Pfeiffer, 1999). N-linked glycosylation has been shown to
impact the folding and antigenicity of proteins (Gardinier et al., 1992; Burska et al., 2014). Further, MOG is also
considered an autoantigen for demyelinating diseases (for review see(Berger & Reindl, 2015) and repairing
MOG glycosylation provides a potential therapeutic approach for promoting remyelination (Sharma et al.,

2022), further demonstrating the importance and function of post-translational modifications.

Myelin Associated Glycoprotein (MAG) is a member of the immunoglobulin superfamily and is located in non-
compact myelin, and is highly enriched at the adaxonal membrane along the internode and also at the
mesaxon and paranodal loops (Trapp & Quarles, 1982; Bartsch et al., 1989; Quarles, 2007; Lopez, 2014).
MAG serves as a ligand of gangliosides on neuronal cell surfaces and promotes differentiation, maintenance
and survival of oligodendrocytes (L. J. Yang et al., 1996). MAG has several post-translational modifications
such as N-linked glycosylation, C-mannosylation and palmitoylation (Pedraza et al., 1990; Tropak & Roder,
1997; Pronker et al., 2016). Of particular interest to our research is palmitoylation as this modification allows
proper formation of tight associations with lipids and sequestration into lipid domains (Dai, 2022; Uchida et al.,
2022). Previously, our group reported a related function of MAG with myelin GSLs (Marcus et al., 2002) and
demonstrated a specific association between sulfatide and MAG that is required for the stable anchorage of
MAG within the myelin sheath (Marcus et al., 2002; A. Pomicter et al., 2013). Based on the ease of extraction
using Triton X-100 in the absence or sulfatide, we hypothesized that the acyl chains of sulfatide forms tight
associations with the acyl chain of the palmitate group and in the absence of this interaction, MAG stability was

compromised.

Cyclic Nucleotide Phosphodiesterase (CNP, also known as CNPase) is an enzymatic protein in the myelin
sheath localized to the paranode that accounts for 4% of myelin proteins and is expressed very early in
developmental lineage of OLs (Trapp et al., 1988; Scherer et al., 1994; Aggarwal et al., 2011). CNP has
remained enigmatic as the actual enzymatic function of CNP is not entirely known, but several studies have

begun to understand its enzymatic role in the central nervous system (CNS) (J. Lee et al., 2001; Verrier et al.,
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2013). CNP is an early oligodendrocyte marker, involved in process outgrowth. It traffics to the periphery by

association with microfilaments and juxtanodin, a cytoskeletal protein. It is involved in oligodendrocyte process
outgrowth and it is associated with the cytoskeletal network (B. Zhang et al., 2005). Once in the myelin sheath,
CNP plays an essential role in localizing sodium channels (Rasband et al., 2005). CNP is found in DRMs along

with cytoskeletal elements, indicating they are sequestered in microdomains (De Angelis & Braun, 1996).

Neurofascin 155 (Nfasc155) is the myelin specific splice variant of the neurofascin gene. It is a member of the
IgG superfamily and plays essential roles in development and myelination (Klingseisen et al., 2019). Nfasc155
is localized to the paranodes where it binds with the axonal protein complex of contactin and contactin-
associated protein 1 (Casprl) (Tait et al., 2000; Charles et al., 2002a). Disruption of Nfasc155 leads to
paranodal disruption (Pillai et al., 2009) and neurological disease (Smigiel et al., 2018). Nfasc 155 is stabilized
in the paranodes through associations with glycosphingolipids (Susuki et al., 2007; McGonigal et al., 2019;
Baba & Ishibashi, 2019). More specifically, specific forms of Nfasc155 has sulfatide-dependent associations in
the myelin sheath (A. Pomicter et al., 2013). Pomicter et al. (2010) demonstrated that there are two forms of
Nfasc155, which were termed Nfasc 155 high (H) and Nfasc 155 low (L) based on their electrophoretic
separation (A. D. Pomicter et al., 2010a). The specific functions and localizations of these forms is not known,
but Nfasc155H is dependent on sulfatide for proper stability in the myelin sheath and it is postulated that this
form is localized to the paranodes (A. Pomicter et al., 2013). Moreover, these forms are regulated through
development, with Nfasc155H presenting as the predominant form during development particularly during
periods of myelin formation while Nfasc155L reveals a progressive increase in expression in adulthood (A. D.

Pomicter et al., 2010a), indicating Nfasc155H and L may have differential roles throughout development.

A major goal of this thesis is to provide a better understanding of how sulfatide regulates myelin protein
stability within the myelin sheath in adulthood. All of these myelin proteins contain unique post-translational
modifications. Post-translational modifications give proteins a variety of functions including signaling, folding,
localization, and function and can regulate associations to cytoskeletal elements and microdomains dependent

or independent of sulfatide.
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1.5.1 Organization of the Myelin Sheath

Oligodendrocytes (OLs) are the myelinating glia of the CNS producing a multilayered membrane system called
the myelin sheath. The myelin sheath extends from the cell body, making multiple wraps around an axon
forming layers of uniformly electron-dense and electron-light layers (the major dense line and the intraperiod
line, respectively) in electron microscopic images (Hartline, 2008). One oligodendrocyte can extend up to 80
myelin processes to multiple axons (Zalc, 2006; M. Simons & Trotter, 2007). Myelin acts to maintain rapid
conduction velocity, provide trophic support to the neuron, and protect the axon from degeneration (K.-A.
Nave, 2010; Funfschilling et al., 2012; Saab & Nave, 2017). These specific and critical functions give rise to its

complex and heterogenous membrane structure.

The structure can further be broken down into distinct domains known as the internode, the juxtaparanode, the
paranode, and the Node of Ranvier. The structure of the myelin sheath gives way to it’s function, properly
insulating the axon while localizing the polarizing and hyper polarizing current at a distance suitable for optimal

signal transduction. These distinct domains allow functional diversity of the myelin sheath.
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1.5.2 The internode

The internode contains compact myelin and spans about 99% of the myelinated segment length and consists
of the characteristic periodic structure of the major dense line and the intraperiod line. The major dense line
arises from compaction of cytoplasmic surfaces mediated by MBP and the intraperiod line is formed by the
compaction of the outer membranes coming together where PLP plays a role (Klugmann et al., 1997; Baron &

Hoekstra, 2010).
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Within the internode are cytoplasmic channels, which provide a functional connection to the leading edge of
the myelin sheath, which is in direct contact with the axon. These channels serve to provide transport of glial
metabolites and organelles such as lysosomes through the internode (Richert et al., 2014; Snaidero et al.,
2017). During development, cytoplasmic channels are much more prominent, having a crucial function in

enabling myelin growth (Snaidero et al., 2014).

Throughout the internodal region the leading edge of the myelin sheath contacts the axon and can regulate
signaling through distinct molecules including cell adhesion molecule 4 (Cadm4) and MAG. Cadm4 binds to
axonal Cadm2 and Cadm3 (Maurel et al., 2007; Elazar, Vainshtein, Golan, et al., 2019) and MAG binds
neuronal gangliosides as well as Nogo-66 receptor(NgR1) as well as NgR2 (Domeniconi et al., 2002;
Venkatesh et al., 2005). Deletion of both Cadm4 and MAG leads to redundant myelin and multimyelinated
axons (Elazar, Vainshtein, Rechav, et al., 2019). Therefore, Cadm4 and MAG binding to the neuron likely plays
a role in signaling during onset of myelination and regulating myelin sheath growth. MAG also exerts signals
that modulate the axon caliber of myelinated axons mediated through fyn signaling (Yin et al., 1998; Biffiger et

al., 2000).

The internode aids in proper action potential conduction due to the lipid rich sheath maintaining a close
apposition with the axon. The maintenance of these close myelin-axonal associations is important for proper
action potential as myelin reduces ion loss along the internode thus facilitating electrical signal propagation by
thus reducing capacitance and increasing membrane resistance (Bakiri et al., 2011; Ford et al., 2015; Micheva

et al., 2021).

1.5.3 The paranode

A key contact site of myelin to the axon is the paranode. The paranode is structurally demarcated by the

presence of the cytoplasmic loops that form attachments with the axon. By ultrastructural analysis these sites
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of attachment present as regularly arrayed electron densities that span the periaxonal space. These densities
are known as transverse bands and they are a prominent component of the paranodal axon-glial junctions
(Rosenbluth et al., 2003a). Transverse bands are formed by the binding of Nfasc155 on the glial side with the
heterodimer protein complex of contactin and Casprl on the axonal side (Rios et al., 2000; Charles et al.,
2002a). In addition to anchoring the myelin sheath to the axon, transverse bands function as a “picket fence”
that restricts lateral migration of proteins clustered in adjacent axonal domains. This lateral movement
restriction maintains the distance between voltage gated sodium channels that cluster in the node of Ranvier
and the voltage gated potassium channels of the juxtaparanode (Mierzwa et al., 2010a; Susuki et al., 2013;
Amor et al., 2014). Therefore, the paranode is highly conserved, maintaining a length of about 3.5 pm in length

(Shepherd et al., 2012a) and ensuring efficient saltatory conduction (Bhat et al., 2001; Pillai et al., 2009).

These paranodal adhesion molecules make associations with the underlying cytoskeletal network, further
stabilizing their localization in the paranode. (C. Zhang et al., 2013). Casprl binds directly to protein 4.1B,
which associates with the underlying cytoskeletal elements such as Ankyrin B and all/Bll spectrin (Ogawa et
al., 2006; Einheber et al., 2013). These cytoskeletal elements, in addition to Casprl, help anchor voltage gated
sodium channels and voltage gated potassium channels in the axolemma and in their respective domains
(Poliak et al., 2003; Amor et al., 2017). On the glial side, Nfasc155 interacts with Ankyrin B (Chang et al., 2014)
and most recently, sulfatide (McKie et al., 2023). Loss of sulfatide leads to increase susceptibility of extraction
of Nfasc155 as well as increased nodal length variability (Marcus et al., 2006). Therefore, binding of sulfatide
to neurofascin likely plays a critical role in proper stability of neurofascin155 (Marcus et al., 2002; A. Pomicter

et al., 2013; McKie et al., 2023).

1.5.4 The juxtaparanode

Just next to the paranode and flanking the internode lies the juxtaparanode. It houses potassium channels,
transient axonal glycoprotein type-1 (TAG-1), and Caspr2 (Poliak et al., 1999, 2003). Specifically, two

rectifying Shaker-like potassium channels, Kv1.1 and Kv1.2 are enriched in the juxtaparanode. These channels
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function to return the membrane potential to its resting state following depolarization. The myelin
juxtaparanode also has contact sites to the axon. TAG-1 is found both on the glial and axonal side and glial
TAG-1 forms a cis complex with TAG-1 and Caspr2 on the axonal side (Traka et al., 2002, 2003; Thaxton &
Bhat, 2009) . Caspr 2 is stabilized through the same scaffolding proteins as in the paranode through
associations to protein 4.1B and all/BIl spectrin (Poliak et al., 1999). The TAG-1/Caspr-2 complex aids in
localization of Kv1.1 and Kv1.2 as mutation of either of these proteins leads to mis-localization of the channels

(Poliak et al., 2003).

1.5.5 The Node of Ranvier

The Node of Ranvier (NoR) is classically known for having a high density of voltage gated sodium channels
(Rasband & Trimmer, 2001; Amor et al., 2017; Yermakov et al., 2019). This myelin-bare region is where the
propagation of action potential occurs through the opening of the sodium channels, allowing robust
depolarization of the axon. This potential can propagate quickly down the axon due to the myelin sheath
flanking the NOR, creating what is known as “saltatory conduction” (Huxley & Stampeli, 1949; Lim & Rasband,
2020). Therefore, sodium channel clustering is necessary for rapid and efficient action potential propagation in
myelinated axons. While the transverse bands act as a barrier for sodium channels, sodium channels are also
anchored in place by interactions with the cytoskeleton via AnkyrinG (Gasser et al., 2012). AnkyrinG is a major
component of the membrane cytoskeleton and is essential for the clustering of sodium channels at the NoR
(Gasser et al., 2012). AnkyrinG associates with the underlying cytoskeletal network through interacting with
BIV-spectrin, further stabilizing the sodium channels as well as binging Neurofascin 186 (Nfasc186) (Y. Yang
et al., 2004). Nfasc186, the neuronal specific isoform of the neurofascin gene (Alpizar et al., 2019) creates
further stability by associating with proteoglycans in the extracellular matrix (ECM) (Hedstrom et al., 2007; I.
Song & Dityatev, 2018). Therefore, there are multiple mechanisms at play which properly anchor myelin and

axonal proteins to their proper location.

1.6 Myelin Sheath in the context of Multiple Sclerosis
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Charot described multiple sclerosis (MS) as axons spared from degeneration in the presence of demyelination
(Charcot, 1868). Over the years, evidence from MS tissue and myelin mutants demonstrated that disruption of
the myelin ultrastructure is responsible for downstream effects that culminate in axonal pathology (Owen,
1957; Fruttiger et al., 1995; Griffiths et al., 1998). While overt myelin pathology likely disrupts the myelin
sheath’s ability to properly insulate and conduct electricity and thus leading to axonal degeneration, increasing
evidence suggests that molecularly disrupting the myelin sheath can disturb the axo-glial communication
leading to axonal pathology (Y. Lee et al., 2012; Joseph et al., 2019; Buscham et al., 2022). Further, tissues
from the normal appearing white matter (NAWM) of MS patients demonstrated significant axonal pathology
such as axonal swelling and mis-localization of ion channels, suggesting that considerable pathology is already
occurring prior to demyelination (Gallego-Delgado et al., 2020a; Luchicchi et al., 2021b). Further lipidomic and
proteomic studies have looked at the NAWM of MS patients and found that sulfatide is reduced, while there is
an increase in sphingosine, a metabolite of sulfatide breakdown (Moscatelli & Isaacson, 1969; Yahara et al.,
1982; Marbois et al., 2000). More recently, a study reported that there is an increase in the
phospholipid/sphingolipid ratio in both normal appearing white and normal appearing grey matter in MS brains
as compared to non-MS brains, indicating an overall disruption of lipid homeostasis (Wheeler et al., 2008a).
While our studies do not attempt to recapitulate MS, we do aim to understand how reduction of sulfatide may
have a causative role in the onset of MS symptoms. Therefore, it is important to discuss the MS epidemiology,

diagnostic markers, and treatment options for MS.

MS is an autoimmune, demyelinating disorder of the CNS that is commonly diagnosed between 20 and 30
years of age, with a 2 or 3 times greater prevalence in women compared to their male counterparts.
(Thompson et al., 2018; Gbaguidi et al., 2022). However, recently, cases of pediatric MS are on the rise and
have a more severe disease course (Fisher et al., 2020; Krysko et al., 2020). It is estimated that this disease
affects 2.8 million people world-wide and nearly one million in the United States (Wallin et al., 2019; Walton et
al., 2020). The etiology is relative unknown having complex genetic and environmental factors (Ward &
Goldman, 2022), which is likely what contributes to the highly heterogenous nature of this disease. A recent

paper claimed Epstein-Barr virus (EBV) “greatly increased the risk of subsequent multiple sclerosis” which
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generated controversy in its claims (Soldan & Lieberman, 2023). This was a longitudinal study that used blood
samples from active-duty soldiers. Out that of the 801 people who developed MS, only one tested negative for
EBV while the 1,500 matched controls had a much lower rate of EBV infection, calculating that people infected
with EBV were 32 times as likely to develop MS as uninfected people (Bjornevik et al., 2022). While this finding

needs further corroboration, it demonstrates a strong association between EBV infection and MS onset.

MS is diagnosed using the revised McDonald criteria, which uses a combination of findings to show disease
activity over dissemination in space and time (Thompson et al., 2018). Dissemination in space (DIS) can be
demonstrated by characteristic T2-hyperintense lesions that are in one or more of the following locations:
periventricular, juxtacortical, brainstem and cerebellum, and spinal cord, or clinical evidence of two or more
lesions involving a different CNS site. Dissemination in time (DIT) includes more than two attacks, separated
by at least one month, simultaneous presence of gadolinium-enhancing lesions at any time, or a new T2 lesion
on follow-up, or demonstration of cerebral spinal fluid (CSF) oligoclonal bands (Thompson et al., 2018; K.
Zhang et al., 2020). Therefore, by the time of diagnosis, lesions (demyelination) have already occurred and
likely subsequent axonal degeneration is well under way. Current therapies available are largely immune
modulating such as blocking recruitment of lymphocytes into the brain, modulating cytokine/chemokine
responses, T cell modulatory, and B cell depleting therapies (McGinley & Cohen, 2021; Ovchinnikov &
Findling, 2022; Verreycken et al., 2022). While some of these therapies lower the annualized relapse rate,
efficacy is limited and there is no effective cure of MS (Piehl, 2021). Therefore, it is important to continue to
understand this complex and heterogeneous disease, particularly its pathogenesis to diagnose in its earlier

stages.

1.7 Summary

Ultimately, while our lab and others have shown sulfatide is essential for myelin development, maintenance,
and stability of nodal domains, the role sulfatide plays in adulthood, in the myelin sheath and oligodendrocytes,

has not been addressed (Ishibashi et al., 2002a; Marcus et al., 2002; A. Pomicter et al., 2013). The constitutive
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CST KO model ablated sulfatide production embryonically and in all tissues, therefore, the resulting
pathologies observed are along a developmental timeline. MS is generally considered an adult-onset disease;
therefore, | created a mouse model that allows for temporal and spatial ablation of sulfatide. This mouse model
is used in all subsequent studies. In these studies, we attempted to understand the consequence that adult-
onset depletion of sulfatide would have on the CNS. | also explored regional differences since MS lesions
occur both in the brain and spinal cord (Moccia et al., 2019). In Chapter 2, | examine the structural and
functional consequence of loss of sulfatide in adulthood and begin to understand molecular mechanisms that
are at play. In Chapter 3 | begin to understand how sulfatide stabilizes the myelin sheath through associations
with myelin proteins and | further explore regional differences in the CNS. The findings of these studies
significantly enhance our understanding of the consequence of adult onset sulfatide depletion and provide
conclusive evidence that sulfatide depletion, independent of demyelination, is sufficient to drive axonal
degeneration and loss of axonal function. These findings are significant as they indicate that the underlying
cause of the clinical presentation associated with MS may be initiated long before a patient presents in the

clinic.
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CHAPTER TWO

Adult-onset depletion of sulfatide leads to axonal degeneration with relative myelin sparing

Dustin et al., 2023 Glia

2.1 Abstract

3-0O-Sulfogalactosylceramide (sulfatide) constitutes a class of sphingolipids that comprise about 4% of myelin
lipids in the central nervous system. Previously, our group characterized a mouse with sulfatide’s synthesizing
enzyme, cerebroside sulfotransferase (CST), constitutively disrupted. Consequently, these constitutive CST
knockout (KO) mice were incapable of synthesizing sulfatide. Using these mice, we demonstrated that sulfatide
is required for establishment and maintenance of myelin, axoglial junctions, and axonal domains and that
sulfatide depletion results in structural pathologies commonly observed in Multiple Sclerosis (MS).
Interestingly, sulfatide is reduced in regions of normal appearing white matter (NAWM) of MS patients.
Sulfatide reduction in NAWM suggests depletion occurs early in disease development and consistent with
functioning as a driving force of disease progression. To more closely model MS, an adult-onset disease, our
lab generated a “floxed” CST mouse and mated it against the PLP-creER" mouse, resulting in a double
transgenic mouse that provides temporal and cell-type specific ablation of the Cst gene (Gal3stl). Using this
mouse, we demonstrate adult-onset sulfatide depletion has limited effects on myelin structure but results in the
loss of axonal integrity including deterioration of domain organization accompanied by axonal degeneration.
Moreover, the structurally preserved myelinated axons progressively lose the ability to function as myelinated
axons, indicated by the loss of the N1 peak. Together, our findings indicate that sulfatide depletion, which
occurs in the early stages of MS progression, is sufficient to drive the loss of axonal function independent of
demyelination and that axonal pathology, which is responsible for the irreversible loss of neuronal function that

is prevalent in MS, may occur earlier than previously recognized.

2.2 Introduction
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Multiple Sclerosis (MS), a demyelinating, autoimmune disorder of the central nervous system (CNS) that is
mostly commonly diagnosed in the third and fourth decades of life (Gbaguidi et al., 2022; Walton et al., 2020),
is characterized by sensory, motor, and cognitive dysfunction. MS affects nearly one million people in the
United States (Wallin et al., 2019) and nearly 2.8 million worldwide (Walton et al., 2020). Currently, there is no
cure for MS and treatments exhibit limited efficacy (Piehl, 2021). While our understanding of MS pathogenesis
is largely immune focused (O’Connor et al., 2001; Rodriguez Murta et al., 2022), the exact disease etiology
remains unknown. Although immune activation is a consistent aspect of MS, other factors implicated in disease
onset and progression include environment, gender, genetics, and viral exposure (Bjornevik et al., 2022;

Olsson et al., 2017).

Although a multifaceted disease, an interesting and consistent observation is the dysregulation of lipid
metabolism in the CNS (Podbielska et al., 2022; Wheeler et al., 2008). Marbois et al., (2000) using ion
electrospray mass spectrometry, reported a 25% reduction specifically of the myelin sphingolipid sulfatide in
normal appearing white matter (NAWM) compared to hon-MS brains confirming a much earlier report of
specific sulfatide depletion in MS (Yahara et al., 1982). Additionally, Wheeler et al. (2008) reported a significant
increase in the phospholipid/sphingolipid ratio in both normal appearing white and normal appearing grey
matter in MS brains as compared to non-MS brains while Moscatelli and Issacson (1969) reported an increase
in sphingosine, a metabolite of sulfatide breakdown. Together, these findings indicate that altered sphingolipid
metabolism and sulfatide depletion in MS occurs prior to demyelination temporally positioning sulfatide loss as

a causative event in disease onset and progression.

Myelin is essential for proper transduction of electrical signals in axons by acting as an insulator through its
unique lipid rich biochemical composition (Huxley & Stampeli, 1949). In addition to its structural role, myelin
metabolically supports the axon and maintains overall axonal integrity (Babetto & Beirowski, 2022; G. J.
Duncan et al., 2021, Griffiths et al., 1998; Y. Lee et al., 2012). During MS onset, the myelin sheath is attacked

by CD4+ myelin reactive T cells resulting in demyelination and/or axonal loss, creating areas of plague matter;
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while areas of NAWM supposedly are undisturbed. However, a growing body of literature suggests the NAWM
contains axonal pathologies suggesting that the irreversible functional loss that has been attributed to axonal
degeneration (Trapp et al., 1998) may precede demyelination in contrast to axonal pathology being a
consequence of myelin loss (Gallego-Delgado et al., 2020; Luchicchi et al., 2021). Therefore, it is imperative to

develop a better understanding of the pathological events that occur in the earliest stages of disease.

To delineate the role that sulfatide plays in both a healthy and diseased CNS, our group generated (Honke et
al., 2002) and characterized a mouse with a disruption in the cerebroside sulfotransferase (CST) gene,
galactose3-O-sulfotransferase 1 (Gal3stl) (which will be referred to as Cst as is commonly used in the
literature) (Ishibashi et al., 2002; Marcus et al., 2006; A. Pomicter et al., 2013; Shroff et al., 2009), which
encodes the enzyme that catalyzes the final step of sulfatide synthesis (Yaghootfam et al., 2007; Honke et al.,
1997). This global, constitutive CST knockout (KO) mouse displays progressive myelin pathologies that are
observed in MS brains (Gallego-Delgado et al., 2020; Luchicchi et al., 2021; Suzuki et al., 1969; York et al.,
2021) including (1) thin, unstable, and uncompacted myelin sheaths (Marcus et al., 2006); (2) ultrastructurally
compromised nodal and paranodal domains (Honke et al., 2002; Marcus et al., 2006); (3) abnormal and
unstable clustering of nodal and juxtaparanodal ion channels (Ishibashi et al., 2002) and (4) reduction of major
myelin proteins and lipids (Palavicini et al., 2016). Thus, sulfatide is implicated in the establishment and
maintenance of myelin and axonal structure and function (Hayashi et al., 2013). Although a valuable resource
for elucidating functions of sulfatide, the constitutive CST KO mouse develops in the absence of the lipid. To
overcome potential developmental confounds, we have generated a Cst floxed (flanking loxP; Cst"") mouse
capable of age- and cell type- specific sulfatide depletion. We mated the Cst"" mouse with a mouse that
expresses tamoxifen-inducible cre recombinase under the control of the oligodendrocyte (OL)-specific
proteolipid protein (PLP) promoter (Belachew et al., 2001; Mallon et al., 2002; Wight & Dobretsova, 2004).
Here, we exploit this novel double transgenic mouse to determine the causal relationship between adult onset

sulfatide depletion and myelin and axonal structure and function

2.3 Materials and Methods

21



Animal Model
Male and female CST inducible knockout mice, generated on the c57black/6J background (see below), were
bred, housed and aged in the Central Virginia Veterans Affairs Health Care Systems AAALAC accredited

vivarium on a 12-hour light/dark cycle with food and water provided ad libitum.

Generation of CST conditional knockout mouse

Using CRISPR technology, we generated cerebroside sulfotransferase (Cst) floxed (flanking loxP) mice
(Applied StemCell, Inc, Milpitas, CA). Based on transcript sequence information in Ensembl (Transcript ID
MGP_C57BL6NJ_T0028206.1), and consistent with published sequence analysis (Hirahara et al., 2000;
Honke et al., 2002), the Cst gene (Gal3stl) consists of 3 exons. Exon 1 is non-coding with variable regions
termed la- 1g. Exons 2 and 3 constitute the coding regions. LoxP sequences were inserted in introns up and
down stream of exons 2 and 3 (Fig. 1A). Guide RNAs, two single-stranded oligodeoxynucleotide donors and
designed Cas-9 mRNA, were injected into the cytoplasm of c57black/6J embryos. Resulting pups were
screened for loxP sites at the designated locations using PCR followed by sequencing to confirm that the Cst
gene locus contained the loxP sites in the correct location and orientation (not shown). To specifically target
ablation of the Cst gene in oligodendrocytes in the CNS, we purchased PIp®®RT mice (Jax Labs; stock #
005975) to induce recombination and mated them to the homozygous Cst floxed (Cst"™) line. The PLP"ERTline
was chosen as the Cre driver line since this line has been routinely used to efficiently induce adult-onset gene
ablation in the CNS in chronic studies (Pillai et al., 2009; Mei et al., 2013; Jablonska et al., 2016; De Logu et
al., 2017, 2020; Thomason et al., 2022; Borges et al., 2023). In the original report of the generation of these
mice, Doerflinger et al., (2003) showed that in the absence of tamoxifen, Cre remained cytoplasmic and there
was no evidence of recombination. Moreover, behavioral and histological analyses at chronic post tamoxifen
injection time points have revealed no signs of functional impairment or myelin or axonal pathology
independent of target gene ablation (T. Li et al., 2018; Mierzwa et al., 2013; Zhao et al., 2020). Additionally,
Peacock et al. (2018) used this line to compare distinct floxed genes and observed no consistent pathologies

between lines indicating that developed pathologies were independent of PLP induced Cre expression.
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To generate mice used in all subsequent studies, we mated homozygous Cst" mice with heterozygous

PIpCreERT-: Cst mice, creating both PLPC®ERT- (no cre):Cst and PIp®eERT"*;Cst. All experimental mice were
PlpCreERT+: Cst (abbreviated as CST-cKO); PLPCERT" Cst were used as controls (abbreviated as CTL). All
mice received tamoxifen treatment (see below). Tamoxifen treated PLPC"ER™Cst" mice were used to control

for potential side effects of tamoxifen treatment (Denk et al., 2015; Valny et al., 2016; Barratt et al., 2016).

Induction of Cre-mediated Recombination with Tamoxifen
Mice were intraperitoneally injected with 60mg/kg of tamoxifen based on previous work from our group (Qiu et
al., 2021). Tamoxifen was diluted in corn oil, and delivered through intraperitoneal injection into 10-week-old

PlpCreERT: Cst and PLPCERT":Cst" mice for four consecutive days.

Polymerase Chain Reaction — Cst gene ablation assessment

To confirm Cre-mediated recombination, genomic DNA was extracted from the corpus callosum of 6-week
post tamoxifen injected mice using Qiagen DNeasy Mini kit (Qiagen, Germantown, MD; cat # 69504) according
to the manufacturer’s instructions. Briefly, mice were deeply anesthetized using 0.016 mL/gm body weight of a
2.5% solution of avertin (2, 2, 2 tribromoethanol; Sigma-Aldrich; St. Louis, MO; cat#T48402) in 0.9% sodium
chloride (Sigma-Aldrich, St. Louis, MO) and transcardially perfused with ice-cold saline for 3 minutes. The brain
was harvested; sectioned into 1mm coronal slices, which were used for corpus callosum isolation; snap-frozen
in liquid nitrogen and stored at -80C. Snap frozen tissue was used for DNA ablation assessment and mRNA

guantitation. DNA fragments spanning genomic target sites were amplified by PCR using the following primers:

Gal3stl Forward (5'- GATTGTAGCCTTCCGTATGAACCG -3’)
Gal3stl Reverse 1 (5'- CGAACTCAACTCAAAGAGAGCAGG -3’) and

Gal3stl Reverse 2 (5'- TAATCTCTGCTCTAACCTGGTCGC -3).

The Gal3stl Forward primer targets upstream of the first flanking loxP site and Gal3stl Reverse 1 primer

targets downstream of the first flanking loxP site; the Gal3stl Reverse 2 primer targets downstream of the
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second flanking loxP site, such that when recombination does not occur, the size of the potential product
between Forward and Reverse 2 primers is too large to amplify. However, after Cre-mediated recombination,
the distance between these primer target sites is shortened and a 432bp band is detected (Fig. 1A). If no
recombination occurs, the Forward and Reverse 1 primer will detect a product of 246bp (Fig. 1A). Cycling
parameters were one cycle at 95°C (3 min), 40 cycles of 95°C (30 s), 60°C (30 s), and 72°C (1 min 30 s), then
72°C (5 min), and a final hold at 4°C. PCR amplified products were analyzed by agarose gel electrophoresis

(Fig. 1B).

Real Time-Polymerase Chain Reaction — Cst mRNA quantitation

Total RNA was extracted from isolated corpus callosi using a Qiagen RNeasy Micro kit (Qiagen, Germantown,
MD; cat# 74004) according to manufacturer’s instructions. Contaminating DNA was eliminated through
treatment with Ambion DNase | (Invitrogen Life Technologies, Grand Island, NY; cat# AM2222). Omniscript
Reverse Transcription Supermix (BioRad, Hercules, CA; cat# 205113) was used to create cDNA from the
isolated RNA (150uL/sample). Quantitative RT-PCR was performed with a CFX96 (BioRad, Hercules, CA) RT-
PCR detection system using 1L of cDNA, SsoFast Evagreen Supermix (BioRad; cat# 1725201), and the

following primers (20uM):

Gal3stl Forward (5’- GCAGCACACTGCTCAACATC -3’)

Gal3stl Reverse (5'- ACCAGGCTTCGTGCAAAGTA -3))

Cyclophilin A Forward (5’- CTAGAGGGCATGGATGTGGT -3)

Cyclophilin A Reverse (5- TGACATCCTTCAGTGGCTTG-3)
Phosphoglycerate kinase 1 Forward (5’- ATGCAAAGACTGGCCAAGCTA -3))

Phosphoglycerate kinase 1 Reverse (5-AGCCACAGCCTCAGCATATTT-3’)

Cycling parameters were: one cycle at 95°C (5 min), 39 cycles of 95°C (5s) and 56°C (5s) followed by a melt
curve measurement consisting of 5s 0.5°C incremental increases from 65°C to 95°C. The fold changes in

expression of the Cst gene in corpus callosum samples were calculated using the formula RQ 5 22DDCt, using
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Cyclophilin and Phosphoglycerate kinase 1. For statistical analysis, a Student’s t-test was performed using

GraphPad Prism software version 9.4.1 for Windows.

Lipid Mass Spectrometry

Multidimensional mass spectrometry-based shotgun lipidomics analysis was performed as described in Qiu et
al. (2021). Briefly, mice were injected with Avertin and perfused with ice cold saline. The brains were sliced into
1mm coronal slices and corpus callosi was dissected and flash frozen in liquid nitrogen. Tissue was
homogenized and protein concentrations was determined using Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA). In the presence of internal standards, lipids were extracted following a modified procedure of Bligh
and Dyer. Lipids were measured using a triple-quadrupole mass spectrometer (TSQ Altis, (Thermo Scientific,
Rockford, IL) equipped with a Nanomate device (Advion Ithaca, NY, USA) and Xcalibur system. Data were
processed using ion peak selection, baseline correction, data transfer, peak intensity comparison, *C

deisotoping. Data were analyzed using a custom-programmed Microsoft Excel macro

Immunohistochemistry

Tissue was processed as previously described (Dupree et al., 1999; Shepherd et al., 2012; Clark et al., 2016).
Briefly, mice were deeply anesthetized using 0.016 mL/gm body weight of a 2.5% solution of avertin in 0.9%
sodium chloride, and transcardially perfused with 4% paraformaldehyde (Ted Pella, Redding, CA; cat#18501)
in 0.1M Millonigs buffer (Dupree et al., 1999; Shepherd et al., 2012). Following perfusion, the brains were
cryopreserved in 1X PBS containing 30% sucrose for 48 hours, frozen in Optimal Cutting Temperature
compound (Fisher Scientific; Hampton, NH, cat# 23-730-571), and serially sectioned, spanning 1.1 mm
anterior to bregma to 2.5 mm posterior to bregma, at 40um in a coronal orientation using a Leica CM 1850
cryostat (Leica, Buffalo Grove, IL). Fifteen sets of six sections were collected and placed on ProbeOn Plus
slides (Fisher Scientific, Loughborough, UK; cat# 15-188-51) and stored at —80°C. Adapted from Dupree et al.
(1999) and Shepherd et al. (2012), coronally sectioned brains were triple labelled with Casprl at a dilution of
1:500 (rabbit polyclonal, Abcam cat# ab34151), Kv1.1 at a dilution of 1:750 (mouse monoclonal IgG2b,

Antibodies Inc cat#75-105) and Nav1.6 at a dilution of 1:250 (mouse monoclonal IgG1, Antibodies Inc., cat
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#75-026 ); per manufacturer’s description, each antibody is knock-out validated. After overnight primary
antibody incubation at 4°C, the sections were rinsed in PBS, blocked in blocking solution (0.5% triton X-100,
10% cold water fish skin gelatin (Aurion, Netherlands; cat# 900.033) in PBS) as previously described (Benusa
et al., 2017; Clark et al., 2016) and incubated with the appropriate, fluorescently tagged Alexa™fluor secondary
antibodies (Invitrogen Life Technologies, Grand Island, NY) diluted 1:500. Slides were cover slipped with
Vectashield™ (Vector Laboratories, Newark, CA, cat# H-1000) and stored at -80°C until imaged. For
immunohistochemistry (IHC) analysis, an n=3-7 mice were used per sex per genotype per timepoint (see Table

1).

Image collection and Quantitation

All images were collected using a Zeiss LSM 880 with AiryScan confocal laser scanning microscope (Catrl
Zeiss Microscopy, LLC; White Plains, NY), housed in the VCU Microscopy and Imaging Facility. Confocal z-
stacks, each spanning 3um, using a pin hole of 1 Airy disc unit and Nyquist sampling, were collected from the
corpus callosum at the level of the fornix. Six images were collected per animal and a minimum of 150 nodal
domains were quantitatively analyzed per animal. Images were captured using a 63X oil-immersion objective
with a numerical aperture of 0.55; optical slice thickness was 0.21um using a line scanning average of 4. X, Y,
and Z dimensions were 67um x 67um x 3um, respectively. The magnification was digitally increased by a
factor of 2 using the zoom feature. The gain and offset were kept consistent for all images. The 405nm laser
detector gain was approximately 700; the 488nm laser set at 750 detector gain, and the 594nm laser set at 780
detector gain. For quantitation, criteria were established to quantify overlapping, absent, and/or aberrant
placement of nodal protein fluorescent signals. Nodal abnormalities were quantified using ImageJ analysis
software by manually marking overlapping fluorescent labels from maximum intensity projection images. All
analyses were conducted blinded from experimental group and sex. Fluorescently labelled domains that
touched the edge of the image were excluded from analysis. We quantitatively analyzed age-matched CST-
cKO and control mice at 3-, 6-, and 11-month post tamoxifen injection. Analysis was performed using a 2-way
ANOVA comparing genotypes across time. All graphing and statistical analyses were performed using

GraphPad Prism version 9.4.1 for Windows (GraphPad Software, San Diego, CA).
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Electron Microscopy

For ultrastructural quantitation, mice were processed for transmission electron microscopic analyses as
previously described by (Dupree et al., 1998a; Dupree et al., 1998b; Dupree et al., 1999; Marcus et al., 2006).
Briefly, mice were deeply anesthetized, as described above, and transcardially perfused with a solution of 0.1M
Millonigs buffer containing 4% paraformaldehyde and 5% glutaraldehyde (EM sciences, Hatfield, PA
cat#16310). Perfusions were followed by a 2-week incubation in the same fixative solution at 4°C. Brains were
harvested, vibratome- sectioned at 100um to generate both coronally and sagittally oriented samples of the
corpus callosum at the level of the fornix. The cervical region of the spinal cords was harvested and sliced into
1mm sections. Comparable sections were selected and postfixed in 1% osmium tetroxide (EM Sciences,
Hatfield, PA; cat# 20816-12-0), dehydrated in increasing concentrations of ethanol, followed by incubation in
the transition solvent propylene oxide (EM Sciences, Hatfield, PA cat# 20412) and embedded in PolyBed
epoxy resin (PolySciences, Warrington, PA; cat#08791-500). One micron and ultrathin (70nm) sections were
stained with toluidine blue or the heavy metals uranyl acetate and lead citrate, respectively. One-micron
sections were imaged using a Nikon ECLIPSE E800M upright light microscope (Nikon Instruments, Melville,
NY), which is housed in the VCU Microscopy and Imaging Facility, to confirm region of interest and quality of
tissue preservation. The ultrathin sections were used for myelin and axonal analyses and imaged using a
JEOL JEM-1400PIlus (JEOL USA, Inc, Boston, MA) equipped with a Gatan One View 1095 T and Gatan

Microscopy Suite (GMS) 3.3.2 software.

For g-ratio analysis, a minimum of 100 myelinated axons were analyzed per mouse at the level of the fornix for
the corpus callosum and the dorsal column of the cervical spinal cord. Axons with a diameter > 0.3 um (Mason
et al., 2001), were used for quantitative analysis. Images were collected at magnification of 7,200X from the
sagittally (corpus callosum) and transversely (cervical spinal cord) oriented sections. For each myelinated
axon, 2 axon diameters (the longest and shortest), and two myelin widths (the widest and the thinnest) were
measured using NIH ImageJ (Marcus et al., 2006). Only myelin regions that exhibited no sign of fixation

artifact or non-compaction were used for determining myelin thickness. Also, regions containing either the
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inner or outer tongues were not used for g ratio analyses. To calculate g-ratio, the average diameter for each
axon was divided by the average axon diameter plus the sum of the myelin widths. For corpus callosum EM
analysis, an n=3-4 was used per sex per genotype per timepoint (see Table 1). In addition to the corpus
callosum, dorsal column white matter tracts from cervical spinal cords were also analyzed using a minimum of
an n=3 per genotype per time point. G-ratios were statistically compared between genotypes and time points
using a 1-way ANOVA for average values per animal. In addition, separate t-tests were conducted to strictly
compare between genotypes at each time point. All graphing and statistical analyses were performed using

GraphPad Prism version 9.4.1 for Windows (GraphPad Software, San Diego, CA).

To quantify myelin and axon integrity, a minimum of 600 axons were analyzed per mouse. These images were
used to assess the percent of myelinated versus unmyelinated axons, redundant myelin, myelin uncompaction,
vacuolar degeneration of the myelin sheath, and axonal degeneration as previously described (Dupree et al.,
2015). Only axons with a diameter equal to or greater than 0.3um (Marcus et al., 2006; Mason et al., 2001)
were included in the quantitation. Statistical analysis was performed using a 2-way ANOVA comparing
genotypes across time. All graphing and statistical analyses were performed using GraphPad Prism version

9.4.1 for Windows (GraphPad Software, San Diego, CA).

Coronally oriented ultrathin corpus callosum sections were imaged at 7,2000X for nodal regions. A minimum of
10 nodal regions were imaged per mouse to quantify node of Ranvier length. For statistical testing, (performed
by Dr. Leroy Thacker of the VCU Biostatics Department) the fit of the two models (single variance/covariance
matrix or group specific variance/covariance matrices) was compared using a likelihood ratio test (LRT). For all
analyses an a = 0.05 was used for statistical significance and SAS v9.4 was used. Variance was also
calculated per mouse and variability was plotted. Qualitative assessment of paranodal-axonal junctions

(transverse bands) and organization and orientation of paranodal loops were also conducted.
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Tissue Prep for Immunoprecipitation and western blotting

To quantify the interaction between neurofascin and contactin, mice were injected with Avertin and perfused
with ice cold saline. The brains were removed and sliced into 1mm coronal slices. The corpus callosum was
excised and homogenized with 0.1mL of 1X PBS and protease inhibitor cocktail (Millipore/Sigma, St. Louis
MO, cat# 539136) and phosphatase inhibitor cocktail (Rockford, IL, cat#P044-1ml) and flash frozen in liquid
nitrogen and stored at -80C. Tissue was thawed on ice and protein concentrations were determined with the

Micro BCA Protein Assay kit (Thermo Scientific, Rockford, IL, cat# 23235).

Immunoprecipitation

Following the instructions of Pierce ™ Crosslink Magnetic IP/Co-IP Kit (Thermo Scientific, Rockford, IL, cat#
88805) 250ug of protein was loaded onto magnetic beads with neurofascin antibody, FIGQY, (courtesy of Dr.
Matthew Rasband) bound. Homogenate was incubated overnight at 4C rotating on a platform. Neurofascin
enriched elute was collected and 4X LICOR buffer was added. Samples were heated to 70C for 5 min and

aliquots were frozen in -80C until used for western blotting.

Western Blotting

50 ug of proteins were loaded into 4-20% tris\glycine gels (Bio-Rad, cat# 4561094, Hercules, CA) for the IP
samples and 30 pg was loaded for total corpus callosum homogenate and run for 30 minutes at 70V followed
by an additional 25 minutes at 150V. The protein ladder used was Chameleon Duo pre-stained protein ladder
(LI-COR, Lincoln, NE cat#928-60000). Samples were transferred to Immobilon-P transfer membrane (Millipore,
St. Louis, MO, cat#lPVH00010) for one hour at 100V on ice. Membranes were rinsed briefly in 1X PBS with
0.1% Tween-20 (Millipore/Sigma, St. Louis, MO, cat#1379) and stained for total protein with Revert 700 Total
Protein Stain (Lincoln, NE, cat#926-11011). Total protein was visualized using an Odyssey Clx LICOR system
(LI-COR, Lincoln, NE, cat#1928) with Image Studio software version 5.2 (LICOR Lincoln, NE) for
normalization. Total protein was washed off with REVERT Reversal Solution (LICOR, Lincoln, NE, cat#629-
11013) and blocked for one hour in 2.5% dry milk in PBS-T. The blot was briefly washed with PBS-T and

incubated overnight at 4°C in Intercept Blocking Buffer (LICOR Lincoln, NE, cat#927-70001) with contactin
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antibody (Antibodies Inc, Davis, CA, cat# K73/20) 1:1000 for the IP tissue or pan anti-Neurofascin (1:500)
(R&D Systems, Minneapolis, MN, cat#AF3235). The following day, the primary antibody was discarded and the
blot was rinsed in PBS-T and incubated with secondary antibody for one hour at room temperature. After one-
hour incubation in the appropriate secondary antibody from LICOR diluted at 1:10,000 (IRDye 680 anti-mouse
(cat# 926-68070) and IRDye 800 anti-chicken (cat#926-32218). The blot was rinsed in PBS-T and western blot

was visualized with Odyssey CIx LICOR system. Blots were analyzed using Image Studio software version 5.2.

Protein Mass Spectrometry

To confirm neurofascin 155 was being enriched by the IP reaction, we performed proteomic analysis on
observed protein bands. Briefly, IP elute was diluted to 100ug of protein in 4x Protein Loading Buffer (LICOR
Lincoln, NE, cat# 928-40004) heated to 70C for 5 minutes and loaded onto 4-20% gel for electrophoretic
separation for 30 minutes at 70V and 25 minutes at 150V. The gel was then stained with Silver stain (Thermo
scientific, Rockford, IL, Pierce Silver Stain cat#24600) following manufacturer’s instructions. Band of interest
was excited and processed for mass spectrometry courtesy of Charles Lyons at the Massey Cancer Center
Proteomics Shared Resource. Upon confirming validity of IP approach, we moved onto immunoprecipitation

experiments using CTL and CST-cKO corpus callosal tissue.

Electrophysiology

Mice were initially anesthetized with the volatile anesthetic isoflurane followed by an intraperitoneal injection of
ketamine (200 mg/kg) and xylazine (20 mg/kg). Mice were then transcardially perfused with ice-cold sucrose
artificial cerebrospinal fluid (sucrose-aCSF), which contained (in mM): 206 sucrose, 25 glucose, 25 NaHCOs3, 4
MgSOs, 3 KCI, 1.25 NaH,PO4, 1.2 CaCl; saturated with 95% O, and 5% CO.. Following perfusion, mice were
decapitated and the brain removed to produce ex vivo brain slices. Coronal brain slices of 350um thickness
were sectioned in the same ice-cold sucrose-aCSF using a vibratome (Leica VT1200, Leica Biosystems, Deer
Park, IL). Slices between 1.4 mm posterior and 2.5 mm posterior to bregma were collected for recording and
maintained in an incubation chamber for at least 30 min before recording. The incubation chamber contained

room temperature aCSF (~21° C) consisting of (in mM): 125 NacCl, 25 NaHCOs3, 25 glucose, 3 KCI, 1.2
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NaH2PO4, 1.2 CaCl,, 1.2 MgS0O4 bubbled with 95% O, and 5% CO.. For recording, slices were transferred to a
recording chamber mounted on the stage of an Olympus BX51WI microscope (Olympus Life Science
Solutions, Bartlett, TN) equipped with a 10x (0.3 NA) water immersion objective and perfused with oxygenated
room temperature aCSF. For electrophysiology studies, an n = 3-5 mice per sex per genotype per timepoint

was used (Table 2.1).

To stimulate corpus callosal fibers, a bipolar stimulating electrode (FHC Neural Microtargeting, Bowdoin, ME;
matrix electrode; cat #30250) was placed approximately 1 mm from a glass micropipette recording electrode
filled with extracellular solution (1.65 mm OD, 1.0 mm ID, 8250 capillary glass, King Precision Glass,
Claremont, CA). Micropipettes were pulled on a horizontal electrode puller (P1000; Sutter Instruments, Novato,
CA) to produce tip diameters of approximately 2um that resulted in ~3 MQ resistances when filled with aCSF.
Compound action potentials (CAPs) were evoked with a DS3 Isolated Current Stimulator (Digitimer, Ft.
Lauderdale, FL) and measured with a Model 2400 patch clamp amplifier (A-M Systems; Sequim, WA). The
resultant extracellular analog signals were converted into a digital signal by a PCI-6040E A/D board (National
Instruments, Austin, TX), and stored and analyzed on a PC computer using WCP Strathclyde Software
(courtesy of Dr. J Dempster, Strathclyde University, Glasgow, Scotland). CAPs were elicited using a
stimulation protocol consisting of five consecutive sweeps, 100us in duration, with a 10s delay between
sweeps ranging from 100pA to 500pA. An average of three recordings from one slice was used to reduce
signal to noise ratio. CAPs were analyzed using the WinWCP program (courtesy of Dr. J Dempster,
Strathclyde University, Glasgow, Scotland). Graphpad prism (San Diego, CA) was used to graph the ratio of
N1 (myelinated axons) to N2 (unmyelinated axons) and for statistical analysis. Analysis was performed using a
2-way ANOVA comparing genotypes across stimulus current. Representative traces were superimposed using

Origin2020b software (Origin, Northampton, MA).
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2.4 Results

Confirmation of gene ablation and lipid reduction following tamoxifen injection of the conditional CST

knock-out model

Studies have reported that MS patients present with a significant reduction of the myelin lipid known as
sulfatide even in regions of NAWM (Marbois et al., 2000; Yahara et al., 1982). To determine the consequence
of adult-onset sulfatide reduction, we generated a conditional CST knockout (CST-cKO) mouse using CRISPR
technology. Fig. 2.1A depicts the modified Cst gene with loxP sites inserted in non-coding regions and flanking
exons 2 and 3. We designed and positioned primers up- and downstream of the loxP sites to detect ablation.
Fig. 2.1A displays gene products after tamoxifen injection of both the CST-cKO and control with the CST-cKO
yielding a PCR product of 432 bp, which is the product size consistent with gene ablation. Fig. 2.1B
demonstrates successful ablation of the Cst gene in the CST-cKO mice having both ablated and non-ablated
products. The presence of both ablated and non-ablated products is expected and consistent with: 1. starting
material of the corpus callous, which also contains non-oligodendrocytic cells and 2. less than 100% ablation
efficiency of oligodendrocyte lineage cells. To further assess ablation efficiency, we isolated mRNA. Fig. 2.1C
demonstrates significantly reduced transcript levels for Cst message in the CST-cKO corpus callosum
compared to message levels of the control animals. Our gene and message analyses demonstrate gene

ablation accompanied with >60% message reduction.

Although our findings confirm both appropriate gene ablation and message reduction, these data do not
directly assess lipid levels. To quantify sulfatide amounts, multidimensional mass spectrometry-based shotgun
lipidomics was performed as previously described (Qiu et al., 2021). We isolated corpus callosi from CST-cKO
and control mice at 3-, 6-, and 11-month (m) post tamoxifen injection (PI). These time points were chosen
since sulfatide requires ~4 months to turnover (Hayes & Jungawala, 1976; Norton & Cammer, 1984). At 3m PI,
there was no significant difference in relative sulfatide levels between the CST-cKO and control mice (Fig.
2.1D). By 6m PI, we observed a significant and consistent reduction of the lipid with sulfatide levels in the CST-

cKO mice only reaching 40% of the sulfatide levels in the controls. By 11m PI, sulfatide levels remained
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significantly depleted and the mice presented with an additional 10% reduction indicating a sustained and
progressive loss of the lipid. Importantly, consistent with our group’s previous analyses (Qiu et al., 2021), these
findings confirm sulfatide reduction and reveal no difference in the levels of galactocerebroside, the precursor
of sulfatide (Morell & Radin, 1969) at any of the PI time points (data not shown). Taken together, our findings
demonstrate that the novel Cst floxed mouse provides a unique opportunity to ablate the Cst gene and

specifically reduce sulfatide levels in the adult CNS.

Progressive axonal pathology with myelin sparing

Previously, our group reported that in constitutive CST KO mice, myelin sheaths were significantly thinner than
in their wildtype littermates. We also observed a variety of myelin pathologies including uncompacted,
degenerating, and redundant myelin profiles (Marcus et al., 2006). To determine if adult-onset sulfatide
depletion resulted in similar pathologies, we used EM analysis to calculate g ratios in the corpus callosum. Fig.

2.2A i-vi presents representative electron micrographs for each genotype at each Pl time point.

To determine if demyelination or myelin instability occurs following adult-onset sulfatide depletion, we
compared the percent of myelinated and unmyelinated axons in the corpus callosi of mice with normal and
depleted levels of sulfatide. Across all timepoints, there was no significant difference in the percent of
unmyelinated fibers between the two genotypes (Fig. 2.2B) (3m p=0.9891, 6m p=0.6478, 11m p=0.5010). We
conducted separate t tests at each timepoint and determined that there was no significant difference between

genotypes at any timepoint (3m p=0.6359 6m p=0.3963 11m p=0.2737).

Fig. 2.2C compares the average g ratio values obtained for individual mice and individual axons. Using a 2-
way ANOVA, there was no significant difference among the genotypes at each timepoint (3m p=0.6541, 6m
p=0.7676, 11m p=0.2247). In addition, separate t-tests were conducted to strictly compare genotypes at each

time point, of which there was no significant difference (3m p=0.2659, 6m p=0.4402, 11m p=0.0980). Since
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sulfatide is reduced in MS and MS is 3 times more prevalent in females than males (Koch-Henriksen &
Sgrensen, 2010), we further assessed g ratio, with sex as a biological variable. Binning the values per sex,

also revealed no sex differences at any of the experimental endpoints (data not shown).

Previous studies have reported that myelin and axon defects are more prone to axons of specific caliber
(Thomason et al., 2022). Therefore, we used a similar binning approach (increments of 0.1um) to assess
axonal caliber-specific pathologies; however, no difference in axon caliber, or myelin thickness was detected

(Figure 2.3 And 2.4, respectively).

To further assess the consequence of adult onset sulfatide depletion on CNS integrity, we quantified myelin
and axonal pathologies including: 1. myelin un-compaction, 2. Vacuolar degeneration, 3. redundant myelin
profiles and 4. degenerating axonal fibers. The compilation of these pathologies revealed a significant increase
in the CST-cKO mice reaching statistical significance at 11m post injection (Fig. 2.5B) (p=0.0018) indicating a
loss of overall myelin/axon integrity following sulfatide depletion. Interestingly, when separating the four
pathologies, there was no statistical difference at any of the time points including 11m PI for any of the myelin
pathologies ((un-compaction p=0.9541; vacuolar degeneration (p=0.9996); redundant myelin (p=0.9986) (Fig.
2.5C-E)). These data imply that physiological sulfatide levels in adulthood are not essential for proper myelin
structural maintenance. However, there was a robust and significant difference in the extent of axonal
degeneration at 11m PI (Fig. 2.5F) (p=<0.0001) (3m p= 0.9988, 6m p= 0.3068) suggesting that loss of sulfatide
facilitates axonal pathology independent of myelin loss. (See Fig. 2.2A for low magnification overview where
neurodegeneration is observed at 6m and 11m PI.) This analysis was repeated in the dorsal columns of the
cervical spinal cord and we also observed a significant increase in axonal degeneration at 11m in the CST-
cKO compared to CTL (p=0.0022). There was no difference in myelin abnormalities at any of the timepoints

between genotypes nor any difference in the percentage of unmyelinated fiber or g-ratio (Fig. 2.4-2.6).

Variation in Nodal Length
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Although no significant difference in myelin integrity was observed by our myelin ultrastructural analyses,
axonal pathology was abundant. Consistent with sulfatide playing a role in maintaining axonal integrity, our
previous analyses of the constitutive CST KO mice revealed abnormal lengths of the nodes of Ranvier (Marcus
et al., 2006). Therefore, using a similar approach, we measured the length of the nodes of Ranvier in the
conditional CST KO mice at the three PI time points. As shown in Fig. 2.7C, no difference in nodal length was
observed between the CST-cKO and CTL mice at 3, 6, or 11m Pl (3m control 1.548um £ 0.175um vs. 3m
CST-cKO 1.236um + 0.106um; p=0.8269; 6m control, 1.065um = 0.096um vs. 6m CST-cKO, 1.038um +
0.120pm; p=0.9999; and 11m control, 1.047um £ 0.111 vs. 1.575um £0.479 p=0.3780), with all of them
exhibiting a similar mean nodal length. Using a variability analysis to analyze the rage of nodal lengths
observed, we observed no significant difference in length variability at 3m or 6m PI (3m p=0.7047 and 6m
p=0.8607). However, at 11m PI, there was a significant increase in variability (p<0.0001). Similarly, calculating
variability per mouse per time point (Fig. 2.7D), demonstrated a significant increase in the variance at the 11m
timepoint in the CST-cKO mice. To further investigate this increased variability in node length, we focused our
attention on the structural integrity of the paranode, which flanks the node of Ranvier defining the nodal gap
(Peters, 1966). Paranodes are important for node assembly and maintenance, restricting the movement of the
flanking sodium and potassium channels in the node of Ranvier and juxtaparanode, respectively (Rasband et
al., 1999). The axonal cytoskeleton contains a network of spectrin (all spectrin, and BIl spectrin) and ankyrinB
which aid in anchoring these ion channels. (Ogawa et al., 2006; Susuki et al., 2018; C. Zhang et al., 2013). A
prominent structural component of the paranodal junctions are the electron dense transverse bands, which are
composed of glial and neuronal adhesion molecules (Schnapp et al., 1976; Tait et al., 2000; Charles et al.,
2002a) We and others have previously proposed that a function of the transverse bands is to maintain
adherence between the myelin sheath and the axon resulting in the maintenance of myelin integrity and axon-
myelin communication, organized axonal domains and overall axonal health (Coman et al., 2006; Dupree et
al., 1998a; Mierzwa et al., 2010; Pillai et al., 2009; Rosenbluth et al., 2003; Susuki et al., 2018). Additionally,
we reported compromised paranodal junctions in the constitutive CST KO mice (Honke et al., 2002; Marcus et
al., 2006). Therefore, we proposed that increased variability in nodal length could be a consequence of

compromised junctions as evidenced by a deterioration of transverse bands. In the healthy CNS, EM analysis
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reveals transverse bands as regularly spaced electron densities that span the periaxonal space of the
paranode (Peters et al., 1992) (Fig. 2.7E) Consistent with our previous analyses of the constitutive CST KO
mice and with the loss of axonal integrity, we observed a frequent loss or irregular spacing of these densities

that constitute the myelin/axon paranodal junctions in the CST-cKO mice (Fig. 2.7F).

Disruption of Contactin-Neurofascin binding

In order to quantify the binding relationship of the axo-glial paranodal junction, we used immunoprecipitation
followed by western blotting to quantitatively compare the relative amount of contactin bound to neurofascin in
the corpus callosum of CTL and CST-cKO at 3-month and 11-month Pl. We found that at 3-months PI, there
was no significant difference in amount of contactin between the CTL and CST-cKO. However, at 11-months
P1 we found a significant reduction of contactin in the IP eluant (Figure 2.8A). These data demonstrate that
there is lower abundance of contactin in the CST-cKO compared to CTL per the same amount of neurofascin
protein. To further corroborate these findings, we performed western blot analysis on neurofascin in corpus
callosal tissue and determined there is no significant difference in neurofascin protein at the 3- or 11-month PI

timepoints (Figure 2.8C).

Progressive nodal protein domain abnormalities

Our ultrastructural analyses demonstrate an increase in variability in the length of the nodal gap and a loss of
paranodal integrity at the 11m timepoint. Since axo-glial junctions play a role in the establishment and
maintenance of the distribution of the axonal proteins that are specifically clustered in the node of Ranvier, the
paranode and the juxtaparanode, the disruption of regularly spaced transverse bands may result in
compromised domain organization (Coman et al., 2006; Dupree et al., 1998b; Einheber et al., 2006; Garcia-
Fresco et al., 2006; Kojima & Hayashi, 2018; Marcus et al., 2006; Mierzwa et al., 2010). To determine if the
axonal domains are disrupted consequential of adult-onset loss of sulfatide, we immuno-labeled corpus
callosum sections from CST-cKO and control mice with Nav1.6, Casprl, and Kv1.1 to assess protein

organization of the node of Ranvier, the paranode, and the juxtaparanode, respectively (Fig. 2.9A). Common
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pathologies observed, but not exclusive, were: 1. binodal sodium channel clusters (Fig. 2.9B), 2. elongation of
Nav1.6 and Casprl domains (Fig. 2.9C), 3. A combination of pathologies such as mixing of proteins from
adjacent domains and binodal sodium (Fig. 2.9D). Quantification of domain organization (Fig. 2.9E) revealed
no alterations by 3m post tamoxifen injection (8.3% for control vs 10.2% for CST-cKO p=0.958 n=7, 150+
nodal domains per animal), a time point when sulfatide levels remained unaltered; however, by 6 and 11m post
tamoxifen injection, time points when sulfatide levels were reduced (Fig. 2.1D), the percentage of abnormal
domain arrangement was significantly and progressively increased (6m — 9.6% for control vs 21.8% for CST-
cKO; p=0.032 n=6 and 11m — 20.8% for control vs 81.4% for CST-cKO; p<0.0001 n=7-11, 150+ nodal
domains per animal for each timepoint). These data are consistent with previous findings in the constitutive
CST KO mice that demonstrated neuronal nodal domain proteins are mis-localized in the absence of sulfatide

(Ishibashi et al., 2002; Hayashi et al., 2013)

Progressive shift in myelinated axonal function

Action potential conduction is mediated by appropriate clustering of ion channels in specific domains along the
axon (Wang et al., 1994; (Caldwell et al., 2000) When domain organization is disrupted, axonal function is
compromised (Bagchi et al., 2014; Sinha et al., 2006). Based on both our ultrastructural and
immunohistochemical data, we proposed that the axons of the corpus callosum were functionally
compromised. To directly assess axonal function, we employed a well-established electrophysiological
approach designed to CAPs in both the myelinated and unmyelinated axons (Baker et al., 2002; Reeves et al.,
2005; Yamate-Morgan et al., 2019). Typically, a CAP consists of two downward deflections referred to as N1
and N2 (Fig. 8Ai). The CAPs of myelinated axons are represented in the N1 peak, the first downward
deflection across time, while the N2 peak represents the CAPs of unmyelinated axons, the second downward
deflection. To compare N1 and N2 peaks across time and between genotypes, we have presented the data as

a ratio of N1/N2.
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At the 3m PI timepoint, there was no change in N1/N2 ratio (Fig. 2.10Aii), which is consistent with our lipidomic
data showing no difference in sulfatide levels between genotypes, as well as our IHC data showing no
difference in abnormal domain localization. However, consistent with our IHC data, which revealed significant
disruption in ion channel domain organization, CAP analyses showed that at 6- and 11-month PI, there is a
statistically significant reduction in the N1/N2 ratio in the CST-cKO mice compared to control mice (Fig. 2.10B
and 2.10Cii, respectively). At the 11-month timepoint, the N1 peak is completely absent (Fig. 2.10Ci) giving a
ratio of zero across all stimulation intensities. While previous studies using the constitutive CST KO mice
guantified conduction velocity in the sciatic nerve (Honke et al., 2002; Hayashi et al., 2013) we provide the first
direct evidence of functional loss within the CNS following sulfatide depletion and more interesting, we show a
profound impaired function that parallels ion channel redistribution that precedes significant myelin disruption
or myelin loss. Figures 2.2-5 demonstrate that myelin is intact, and Fig. 2.5 and Fig. 2.6 show no increase in
myelin pathology, yet, the progressive loss of N1 indicates these myelinated axons are not functioning as
myelinated axons at the 6- and11-month timepoint. Collectively, these findings demonstrate that loss of

sulfatide in adulthood leads to increased axonal pathology with relative myelin sparing.

2.5 Discussion

In MS brains, lipid metabolism is disrupted (Moscatelli & Isaacson, 1969) even in regions of NAWM (Wheeler
et al., 2008). More specifically, sulfatide, a prominent glycosphingolipid of the myelin sheath (Norton &
Cammer, 1984), is decreased in NAWM while no other myelin proteins or lipids are reduced (Marbois et al.,
2000; Yahara et al., 1982) indicating sulfatide loss is independent of demyelination. Previous work from our
group (Marcus et al., 2006; Pomicter et al., 2013; Shroff et al., 2009) and our collaborators (Ishibashi et al.,
2002) using the constitutive CST KO mouse (Honke et al., 2002) shows a plethora of myelin abnormalities
accompanied by axonal abnormalities that are consistent with myelin and axonal pathologies prevalent in MS
(Pomicter et al., 2010; Suzuki et al., 1969; York et al., 2021). Recognizing that CNS pathologies presented in
the constitutive CST KO mouse may be consequential of disrupted development, we generated the Cst floxed

mouse, which enables adult-onset sulfatide depletion. Exploiting this novel mouse, we show for the first time
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that adult onset sulfatide reduction is sufficient to compromise neuronal structure and function independent of

myelin loss, yet not sufficient to drive demyelination.

Adult-onset sulfatide depletion is not sufficient to drive demyelination

In our previous work, we showed a significant increase in the g ratio of myelinated axons in the CNS of
adolescent and adult constitutive CST KO mice (Marcus et al., 2006). In contrast, our quantitative analyses of
the conditional CST KO mice showed no change in g ratios (Fig. 2.2). We propose that this difference in g
ratio data between the 2 CST mutant models reflects 1) a developmental inhibition of myelin synthesis with the
absence of sulfatide during the critical period of myelin production and maturation (Foran & Peterson, 1992;
Sturrock, 1980) in the constitutive CST KO mice whereas sulfatide synthesis in the conditional CST KO
animals was not inhibited until 10 weeks of age and 2) the retention of a portion of the sulfatide that was
synthesized prior to gene ablation. In addition to thin myelin, our analysis of the constitutive CST KO mice
showed that early depletion of sulfatide synthesis resulted in unstable myelin sheaths as evidenced by
increased and progressive myelin uncompaction and demyelination (Marcus et al., 2006). Those findings led
us to conclude that the absence of sulfatide plays a prominent role in myelin loss observed in MS. However,
our current findings from the conditional CST KO mice contrast with our original conclusion. Although myelin
that is formed in the absence of the sphingolipid is more vulnerable to demyelination (Marcus et al., 2006), our
longitudinal study of the conditional CST KO mice strongly suggests that myelin synthesized in the presence of
sulfatide, but with reduced lipid after maturation, is relatively stable with regard to compaction and myelin loss.
Based on our previous work, we assessed a variety of other pathologies including vacuolar degeneration of the
myelin sheath (Fig. 2.5ii), myelin uncompaction (Fig. 2.5iii), frequency of myelin redundancy (Fig. 2.5iv) and
axonal degeneration (Fig. 2.5v). Although all of these pathologies were observed, the only pathology that was
significantly more prevalent in the sulfatide depleted mice was axonal degeneration, suggesting that adult-
onset depletion of sulfatide is not sufficient to drive overt dys- or demyelination but is sufficient for the loss of

axonal structure and function.
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Adult-onset sulfatide depletion induces axonal pathology

Our ultrastructural analysis indicated the absence of demyelination but revealed a significant impact on axon
integrity following chronic sulfatide depletion. Axonal degeneration was evidenced by abnormal electron dense
bodies within the axon, the loss of organelle structure and the retention of myelin sheaths that lack the axon
entirely (Fig. 2.5Av). Oligodendrocytes play important roles in metabolically and structurally supporting axons
(Funfschilling et al., 2012; Lappe-Siefke et al., 2003; Lassetter et al., 2023; Y. Lee et al., 2012; Morrison et al.,
2013; Mukherjee et al., 2020). Therefore, it is not surprising that loss of an oligodendrocyte component leads to
axonal pathology with myelin sparing, as this has been previously reported (Buscham et al., 2022; Griffiths et
al., 1998). There are several mechanisms in which progressive loss of sulfatide could lead to axonal
degeneration. One possibility is involvement of the immune system. Using the conditional sulfatide KO mouse,
our group has demonstrated a significant increase in disease-associated microglial and astrocyte
neuroinflammation, particularly within myelin containing regions (Qiu et al., 2021). Ultrastructural analysis
revealed astrocytic processes around the myelin sheath and TREM2, which is expressed by microglia and acts
as a lipid sensor, is known to interact with sulfatide. (Poliani et al., 2015; Wang et al., 2015). Since sulfatide is
enriched in the outer leaflet of the myelin sheath (Boggs et al., 2008), TREM2 may sense altered lipid

stoichiometry and launch an immune response (Cantoni et al., 2015; Poliani et al., 2015)

In NAWM of MS patients, activated microglia can drive disruption of axo-glial junctions, leading to elongated
and mis-localized sodium and potassium channels (Howell et al., 2010). Our findings provide evidence of
disruption of transverse bands and subsequent sodium and potassium channel redistribution. Transverse
bands, which are formed by the binding of neurofascin155 of the myelin sheath to the contactin/Casprl axonal
complex (Charles et al., 2002a), tether the myelin sheath to the axon. Previous work from us (Dupree et al.,
1998b; Dupree et al., 1999; Pomicter et al., 2010) and others (Charles et al., 2002a; Coman et al., 2006;
Rasband et al., 1999) has shown that a loss of myelin-axon interaction, particularly at the paranode region, is
associated with altered axon structure and function. Consistent with these previous reports, here we observed

compromised transverse band integrity and a significant increase in the variability of node of Ranvier length.
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The disruption of the transverse band complex is further evidenced by the significant decrease of contactin in
the neurofascin IP reaction at 11-months Pl in the CST-cKO mice. This demonstrates that given the same
amount of neurofascin, there is a reduction of contactin, indicating contactin is not binding to neurofascin. In
addition, we observe the mis-localization of Casprl via IHC, an essential component of the transverse band
complex (Bhat et al., 2001; Boyle et al., 2001; Sun et al., 2009). Mis-localization of Casprl suggests that the
Casprl-contactin complex is not appropriately binding to its glial ligand neurofascin 155. This has been
confirmed in our model, we see a significant loss of neurofascin-contactin binding in our immunoprecipitation at
11m PI. Consequently, disruption of these complexes results in a loss of proper myelin-axon anchoring (Bhat
et al., 2001; Boyle et al., 2001) and could result in lateral movement of the sheath along the axon providing a
viable explanation for the observed variation in node of Ranvier length that we observe in the conditional CST
KO mice (Fig. 2.7). Additionally, these paranodal junctions also aid in maintaining the proper clustering of the
axonal proteins that constitute the node, paranode and juxtaparanode, in addition to the underlying axon
cytoskeletal network (Mierzwa et al., 2010a; Susuki et al., 2013; Amor et al., 2014). Interestingly, we have
previously shown, using the constitutive CST KO mice, that the loss of sulfatide results in destabilization of the
paranodal axo-glial complexes and a loss of the respective protein clusters (Ishibashi et al., 2002; Pomicter et
al., 2013). Since this previous work was based on studies using the constitutive CST KO mice, the possibility
remained that this sulfatide-dependent regulation was limited to developmental conditions with limited
relevance to an adult-onset disease. Here, we show that adult-onset sulfatide depletion is sufficient to drive

protein domain disruption at both the ultrastructural and molecular levels.

Adult-onset sulfatide depletion disrupts the function of myelinated axons

In addition to possibly facilitating the “sliding” of the myelin sheath along the axon, altered transverse band
integrity may result in compromised axonal domain organization. Our IHC data showed that at 6m and 11m PI,
the highly conserved spatial organization of the sodium and potassium channel domains was significantly
compromised. Although myelin structure was spared, mis-localization of the ion channels translated

functionally into loss of the myelinated (N1) amplitude. Similar abnormal protein domain localization
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pathologies have been observed using the experimental autoimmune encephalomyelitis (EAE) mouse model
(Recks et al., 2013) as well as clinical studies showing substantial pathology in the NAWM, where sodium and
potassium channel domains overlapped (Gallego-Delgado et al., 2020; Howell et al., 2010) and axonal

degeneration preceded demyelination (Luchicchi et al., 2021).

Disruption of ion channel localization not only leads to mis-firing and inefficient functioning of the axon, but also
leads to channelopathy. Craner et al. (2004) demonstrated that aberrant localization of Nav1.6 along extensive
regions of a demyelinated fiber co-localizes with sodium/calcium exchangers (NCX), causing a reversion of the
exchangers’ function, resulting in increased intracellular calcium resulting in abnormal axonal function and
ultimately axonal degeneration (Craner, Hains, et al., 2004; Stys et al., 1992). Our data show, at 6 months PI,
an increase in protein domain mis localization and a functional ratio shift from N1 to N2; however, there is no
significant difference in axonal degeneration. Consistent with limited axonal pathology in the sulfatide
conditional CST KO mice is the retention of the myelin sheath. In contrast to demyelinated axons,
dysmyelinated axons express Navl.2 (Boiko et al., 2001; Westenbroek et al., 1992) and are less sensitive to
this type of injury. Presently, it is unknown if the myelinated axons in the conditional CST KO mice present with
a re-expression of the immature sodium channel isoform. Ultrastructural axonal degeneration reaches
significance at 11m PI coinciding with an increase in the frequency of elongated Nav1.6 channel domains. It
will be of interest to determine if the myelinated axons in the conditional CST KO mice present with an
upregulation of Navl1.2, which has been reported following myelin disruption (Craner et al., 2004; Dupree et al.,
2004). Perhaps there is a differential expression of Nav1.6 and Nav1.2 in the conditional CST KO, with Nav1.6
expression associated with the 10% axonal degeneration we observed and Navl.2 is expressed in the axons
with intact structure. An upregulation of Nav1.2 expression might provide protection from degeneration,

expanding the window for myelin repair and ultimately axonal function.

Loss of function of N1 axons likely contributes to disrupted motor function. Our group has previously

extensively assessed neuromotor function in the conditional CST KO mice (see Qiu et al., 2021 for more
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information). In these studies, Qiu et al. (2021) used nine paradigms to assess neuromotor function including;
righting reflex, hindlimb clasping, crossed extensor reflex, forelimb/hindlimb placing responses, grasp reflex,
rooting reflex, vibrissa placing response, negative geotaxis, and auricular startle tests, of which there was no
significant difference between CTL and CST-cKO at 10 months post injection. Subsequent studies also
included frailty index assessment (including evaluation of the visual system and visual loss) (Whitehead et al.,
2014), Morris Water Maze (MWM), and Novel Object Recognition (NOR). There was no significant difference
in the frailty index between CTL and CST-cKO at 10 months post injection. However, the MWM and NOR
assessment showed a genotype effect (Qiu et al., 2021). Our combined studies provide evidence that loss of

sulfatide in adulthood leads to disruption of N1 amplitudes with accompanying neurobehavior dysfunction.

Technology has greatly improved the resolution of magnetic resonance imaging (MRI) allowing the detection of
lesions in what otherwise was considered NAWM (Inglese et al., 2018). While our studies suggest that a
significant reduction of sulfatide leads to axonal degeneration, perhaps the dysmyelination, defined by the
disruption of axo-glial complexes resulting in ion channel mislocalization, that occurs consequential of sulfatide
depletion may act to spare axonal integrity via expression of Nav 1.2, at least in the acute, or perhaps
prodromic, stage of the disease. It remains to be determined if sulfatide depletion alone is sufficient to induce
demyelination and to drive the transition of NAWM into lesion development. By the time lesions are detected,
axonal pathology, which is at least in part consequential of sulfatide deletion and sufficient to result in
functional deficits, has already developed. Our findings combined with the studies that have shown a loss of
sulfatide in brain regions that reveal no myelin abnormalities are consistent with sulfatide depletion defining the
prodromic stage of MS, the period of months or years before classic MS symptom onset (Makhani & Tremlett,
2021). Itis unknown how the initial loss of sulfatide occurs, and how long sulfatide is reduced in NAWM prior
to the onset of demyelination and plaque formation; however, detection of sulfatide levels should be
considered as a possible diagnostic for MS in the future and may provide an indicator for initiation of

therapeutic repair prior to irreversible axonal loss.
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Figure 2.1: Genetic ablation of the cerebroside sulfotransferase (Cst) gene. (A) Schematic illustrating the
Cst gene with loxP sites (solid black triangles) upstream and downstream of coding regions exons 2 and 3.
Three primers (striped triangles) were designed around the loxP sites to detect for genetic ablation: F (forward)
primer 1, R (reverse) primer 2, and R (reverse) primer 1. Tamoxifen was administered to both CST-cKO and
CTL mice, resulting in Cst gene recombination in CST-cKO mice (left; ablated gene product indicated by red
line) with gene sparing (right; intact gene product indicated by red line) in CTL mice. (B) PCR amplification of
genomic DNA from the CTL and CST-cKO mice confirmed recombination in CST-cKO mutant mouse brains 6
weeks post tamoxifen injection. (C) Real-Time PCR of CTL and CST-cKO mutant mouse brains 6 weeks post
tamoxifen injection revealed ~50% reduction in mRNA expression. (D) Lipidomic analysis of total sulfatide in
CST-cKO and CTL brains presented no change in sulfatide levels by 3-months Pl but a significant sulfatide
loss at 6 and 11 months PI. Unpaired Student’s t-test. All data are presented as mean * standard error.

**p<0.005 **** p<0.0001.
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Figure 2.2: No change in extent of myelination in the corpus callosum of CST-cKO mice. (A) Cross
section representative images from the corpus callosum at the level of the fornix from control (CTL; Ai, Aiii and
Av) and CST-cKO (Aii, Aiv and Avi) mice following 3- (Ai and Aii), 6- (Aiii and Aiv) and 11- (Av and Avi) months
post injection. 3-, 6- and 11- months Pl mice presented abundant myelinated axons with no difference in the
percent of myelinated versus unmyelinated fibers (B) or in myelin thickness as quantitatively compered by g
ratio analysis. (C) Note axonal pathology (yellow shade) in the 6m- and 11m-PI tissue. Data are presented as
mean + standard error; data statistically compared by 2-way ANOVA analysis followed by a Tukey’s post-hoc

multiple comparison test. Scale bar=2pum
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Figure 2.3: No change in extent of axon caliber in the corpus callosum of CST-cKO mice. Graphing
individual values of axon caliber (at least 150 per mouse) and graphing the average of each mouse, yielded no

significant difference in the extent of axon caliber between genotypes along any of the timepoints.
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Figure 2.4: No change in extent of myelin thickness in the corpus callosum of CST-cKO mice. Graphing
individual values of axon caliber (at least 150 per mouse) and graphing the average of each mouse, yielded no

significant difference in the extent of myelin thickness between genotypes along any of the timepoints.

51



A Vacuolar
Degeneration

iv Redundant Myelin v Axon degeneration
: 2 ARSI ) % A

4 g o
; X%

i P4
E F
e c? 20 o2 e e CL
‘zo r‘ a ° g i ‘e csT
® — ® .
2 & o °oR" § 18 215 515 <O
Y S -
Em - M gg“’ g" E‘“ §1o
5o . > 8 £, 5 z
T - . s
g s{ee. S |v X e\° @ = E * § :
= RIGEGINED [a] H 2 <
T T o 0 0 20
3m &m 1m 3m om 1im Im 6m 11m

24



Figure 2.5. Quantification of myelin and axonal pathologies in the corpus callosum of CST-cKO mice.
(A) Representative image of a healthy axon with an intact, compacted myelin sheath and appropriate array of
neurofilament and microtubules (Ai). Representative images of various myelin and axonal abnormalities
observed in the CST-cKO mouse included (from left to right): axon losing attachment to the myelin sheath (Aii;
vacuolar degeneration; yellow arrows); presence of cytoplasm between compacted wraps of myelin (Aiii; un-
compaction; yellow star); compact myelin out folding (Aiv; redundant myelin; white arrows) and organelle and
cytoskeletal degeneration within the axon (Av; axon degeneration; white star). (B) Quantitative analysis
combining all pathologies revealed a significant increase in myelin/axonal pathologies at 11m PI but not at 3-
and 6- months PI. Separating out the individual pathologies revealed (C-E) no significant difference in myelin
ultrastructure between genotypes at any of the timepoints analyzed; however, (F) axonal degeneration was
significantly increased in the 11m CST-cKO mice. All data were statistically compared using a 2-way ANOVA,;

** p<0.005 ****p<0.0001. Scale bar=1pm.
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Figure 2.6: No change in extent of myelination in the dorsal column of the cervical spinal cord
following adult-onset sulfatide depletion. (A) Cross section representative images from the dorsal column
of the cervical spinal cord from control (CTL; Ai, Aiii and Av) and CST-cKO (Aii, Aiv and Avi) mice following 3-
(Ai and Aii), 6- (Aiii and Aiv) and 11- (Av and Avi) months post injection. Quantitative analysis of the dorsal
column of the spinal cord revealed no difference in the percent of myelinated versus unmyelinated axon (B), or
myelin thickness as calculated by g ratios (C). Similar to the corpus callosum, quantitative analysis of the
combined axonal and myelin pathologies revealed a significant increase in the CST-cKO mice at Pl 11-months
but not at 3- and 6-months PI (D). However, when the individual pathologies were compared, myelin
pathologies were comparable between genotypes (E-G) while axonal degeneration was significantly more
abundant in the CST-cKO at 11-months Pl compared to 11-months Pl CTL mice (H). All data were statistically

compared using a 2-way ANOVA; ** p<0.005 ****p<0.0001.
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Figure 2.7. Increase in nodal length variability and loss of transverse bands following adult onset
sulfatide depletion. (A) Normal ultrastructure of a node of Ranvier (bound indicated by black arrows)
including nodal length (~1 micron) and flanking paranodal regions with lateral loops closely apposed to the
axolemma. (B) CST-cKO mice revealed nodes of Ranvier with varying lengths including abnormally long
nodal gaps (nodal bounds indicated by arrows). (C) Overall, node quantitation revealed no significant
change in average nodal length between genotypes at any of the time points analyzed; however, a
significant difference was observed in length variability in the 11-months post tamoxifen injected CST-cKO
mice with nodes of Ranvier presenting both shorter and longer than 1 micron. (D) Calculating the nodal
length variance per mouse further confirmed this variability at 11-months PI with a significant increase in
length variance with no difference in variance at the earlier Pl time points. All data were statistically
compared using a 2-way ANOVA. (E) CTL mice revealed equally spaced electron densities, known as
transverse bands (arrows), at the interface between the lateral loops of the myelin sheath and the
axolemma. (F) In contrast, transverse bands were unevenly spaced and structurally disrupted (arrows) in
the CST-cKO. For analysis, the fit of the two models (single variance/covariance matrix or group specific
variance/covariance matrices) was compared using a likelihood ratio test. A-B Scale bars = 1um. *p<0.05

****p<0.0001. E-F Scale bars=0.5pm
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Figure 2.8 Loss of neurofascin-contactin contact in 11m PI CST-cKO mice

(A) At 3m PI, there is no significance between the amount of contactin present after an immunoprecipitation
with neurofascin between CTL and CST-cKO. However, at 11m PI, we see a significant loss of contactin in the
CST-CKO (B) Image of the western blot probed for contactin after the neurofascin IP reaction (C)
Demonstrates there is no significant difference in amount of neurofascin between any of the timepoints or

genotypes
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Figure 2.9. Mis-localization of axonal domain proteins following adult-onset sulfatide depletion. (A) An
axon from a CTL mouse demonstrates proper ion channel and axonal domain protein organization in the
corpus callosum with Nav1.6 (green) localized to the node of Ranvier; caspr (blue) localized to the paranode;
and Kvl.1 (red) localized to the juxtaparanode. Common, but not exclusive pathologies, observed included (B)
binodal Nav1.6 (green; yellow arrows); (C) elongated Nav1.6 (green; yellow arrows indicating bounds of
Navl.6 distribution); and elongated caspr (blue) with Kv1.1 (red) intermixed (white stars flank region of
intermixing). (D) A combination of several pathologies such as binodal Nav1.6 (yellow arrows) and Kv1.1 and
caspr intermixing (white stars) was also observed. (E) Quantification of protein organization revealed
preservation of protein domain at 3-months PI but a significant loss of axonal domain organization at 6- and
11-month PI. Data are presented as mean * standard error and analyzed using a 2-way ANOVA; ****

p<0.0001. Scale bars = 5um
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Figure 2.10. Decrease of N1 peak following adult-onset sulfatide depletion. (Ai) Compound action
potential (CAP) recordings demonstrate comparable and robust N1 and N2 peaks between the CTL and CST-
cKO mice 3-months PI. (Aii) Quantification of the ratio of N1/N2 from ascending stimulus currents in the CTL
and CST-cKO mouse at 3-months Pl shows no significant difference between genotypes. (Bi) By 6-months Pl
CST-cKO mice present with a reduced N1 peak and (Bii) a significant reduction in the N1/N2 ratio between
cKO and CTL mice. (Ci) By 11-months PI, N1 peaks were not observed in the CST cKO mice but N2 peaks
were spared. (Cii) The loss of the N1 peak resulted in further separation of N1/N2 ratios between CTL and
CST-cKO mice at 11-months Pl with the ratios being zero due to loss of N1 peak. Analyzed using a 2-way

ANOVA. *+p<0.0001
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Sample size breakdown per timepoint

Timepointé Genotype Sex i
Female 3 3 3
CTL
3 Male 3 4 4
CST- Female 3 3 3
cKO Male 3 4 3
Female 3 3 4
6 el Male 3 4 3
CST- Female 3 3 4
cKO Male 3 6 5
Female 3 3 4
1 1 el Male 3 4 3
CST- Female 3 4 3
cKO Male 4 7 5

EM: Electron Microscopy
IHC: Immunohistochemistry
EP: Electrophysiology
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CHAPTER THREE

Compromised myelin and axonal molecular organization following adult-onset sulfatide depletion

Dustin et al. (accepted pending minor revisions) Biomedicines

3.1 Abstract

3-O-sulfogalactosylceramide, or sulfatide, is a microdomain-associated glycosphingolipid reduced in the
normal appearing white matter (NAWM) of Multiple Sclerosis (MS), indicating that the loss of this lipid is
specific and not a consequence of demyelination. Using a mouse model that is constitutively depleted of
sulfatide, we previously presented data that revealed essential functions of sulfatide during development such
as the requirement of this lipid for the establishment and maintenance of myelin and axonal integrity. Here,
using an adult-onset depletion model of sulfatide, which is more reminiscent of adult-onset disease, we
observe mis-localized ion channels, variation in nodal length, and axon degeneration with myelin sparing and
aim to understand the molecular mechanisms regulating protein membrane organization at the level of the
spinal cord. Using an in-situ extraction procedure, we previous showed that embryonic inhibition of sulfatide
production resulted in increased extraction susceptibility of neurofascin 155 high and myelin-associated
glycoprotein. Here, we employ a similar approach to elucidate the molecular mechanisms of sulfatide-
dependent myelin membrane stability following adult-onset lipid depletion. Our study shows that myelin
proteins are maintained in the sheath through sulfatide-dependent and -independent mechanisms and that the
mechanisms employed by myelin proteins may change dependent on the stage of development and

maturation.

3.2 Introduction
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The canonical function of the myelin sheath is to insulate axons to propagate a rapid signal through saltatory
conduction. However, the myelin sheath is not merely a static insulator, but a dynamic membrane that provides
axonal support through glia-neuron communication (Y. Lee et al., 2012; Saab & Nave, 2017; Stadelmann et al.,
2019). Its insulatory properties are derived both from specific domains of the myelin sheath and its biochemical
composition (Moore et al., 1978; Hayashi et al., 2013b; Chiu et al., 1999; Kister & Kister, 2022). The myelin
sheath is unique in that it is composed of 70% lipids and 30% proteins, whereas most plasma membranes
have an equal ratio of lipids to proteins (Morell & Quarles, 1999). Of those lipids, glycosphingolipids constitute
about 20% of total lipids, the majority being galactosylceramide and sulfatide (O’Brien & Sampson, 1965;
Grassi et al., 2016). These lipids create membrane stability due to the presence of long saturated acyl chains,
which allow for tight molecular packing, and a high degree of hydroxylation, which enables hydrogen bond
formation facilitating even tighter lipid clustering. The combination of this tight packing and rigid carbon chain
structure allows for efficient conduction of the electrical signal down the axon (Bazan et al., 2002; Quarles et

al., 2006; Zoller et al., 2008; J. L. Dupree & Pomicter, 2010).

The stereotypical region of the myelin sheath is the internodal domain that presents with tightly compacted
concentric wraps of the myelin membranes. In addition to the internode, the myelin sheath can be further
divided into separate domains that each have distinct functions and biochemical composition. Similar to the
internode, the juxtaparanode also presents with compacted myelin. The juxtaparanode is positioned at the
lateral most extent of the internode and concentrates the adhesion molecule transient axonal glycoprotein-1
(TAG-1) (Traka et al., 2002, 2003). The axonal juxtaparanodal membrane clusters TAG-1 and Caspr2,
facilitating homophilic and heterophilic binding with myelin TAG-1 to tether the myelin sheath to the axolemma
(Tsiotra et al., 1996; Kunz et al., 2002; Traka et al., 2002). In addition to TAG-1 and Caspr2, voltage gated
potassium channels, which play a role in repolarizing the axon membrane (Poliak et al., 2003; Hivert et al.,
2016), also cluster in the juxtaparanode. The sheath also establishes and maintains regions of noncompacted
myelin including the paranode and the cytoplasmic channels. The paranode is positioned between the node of
Ranvier and the juxtaparanode and is demarcated by the presence of the cytoplasmic sacs that align along the

axonal membrane (Peters et al., 1992). The basal membrane of these loops clusters neurofascin155
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(Nfasc155) while the axonal paranode clusters Casprl and contactin, which form a heterodimer that binds the
myelin specific isoform of neurofascin to form the paranodal junctional complexes that are partially indicated by
transverse bands (Tait et al., 2000; Chang et al., 2014; Rosenbluth et al., 2012; Faivre-Sarrailh, 2020). The
cytoplasmic channels include the inner tongue, which is the leading edge of the myelin sheath, the outer
tongue, which is the trailing edge of the myelinating membrane and is connected to the oligodendrocyte cell
body, and these cytoplasmic channels run through the compact myelin (Rhodes et al., 1997; Hivert et al.,

2016).

The specific mechanisms that regulate the trafficking, sorting and retention of these proteins to their unique
destinations of these various domains are not completely defined. Previous work from our group has shown
that the myelin sphingolipids, galactosylceramide and its sulfated derivative sulfatide, play a role in these
processes (A. D. Pomicter et al., 2010b; A. Pomicter et al., 2013) and in the absence of these lipids, these
domains, particularly the noncompacted myelin domains, are compromised (J. L. Dupree, Coetzee, Suzuki, et
al., 1998; J. L. Dupree et al., 1999; Marcus et al., 2006). One plausible explanation for how sphingolipids
regulate domain establishment and maintenance involves lipid ordered membrane domains known as
microdomains (reviewed in (Bieberich, 2018). Microdomains are enriched in glycosphingolipids and have been
implicated in a variety of cellular functions including signal transduction, intercellular adhesion and specific
protein sequestering and sorting (Taylor et al., 2002; Schafer, 2004; T. Kim & Pfeiffer, 1999; Diaz-Rohrer et al.,
2023; Grassi et al., 2020; Isik & Cizmecioglu, 2023) . Although microdomains may play a role in molecular
sorting and ultimately in domain formation and maintenance, it is unclear how certain proteins are included
while others are excluded. Our previous studies using the constitutive knock-out of sulfatide’s synthesizing
enzyme, ceramide sulfotransferase (CST), demonstrated that sulfatide, a prominent lipid component of myelin
microdomains (Arvanitis et al., 2005) is required for stabilization of certain proteins, namely MAG and
neurofascin 155 high, within the myelin sheath during development (A. Pomicter et al., 2013). Both neurofascin
155 and MAG are known myelin specific mediators of axon-glial communication (L. J. Yang et al., 1996;
Charles et al., 2002b; Schnaar, 2010; Janssen, 2018), and have been shown to be prominent components of

microdomains (Vinson et al., 2003; Schaeren-Wiemers et al., 2004).
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The identification of these specific proteins is of interest since they have been shown to directly mediate axon-
myelin interactions (L. J. Yang et al., 1996; Charles et al., 2002b; Schnaar, 2010; Janssen, 2018). We
hypothesized that these proteins associate with sulfatide in microdomains via post translational lipid
modifications including the addition of long saturated fatty chains that form hydrophobic associations with the

acyl chain of sulfatide (Grassi et al., 2016).

However, this previous work utilized a constitutive knockout of CST, ablating sulfatide production in all tissues
embryonically (Honke et al., 2002; A. Pomicter et al., 2013). To determine if the adult sheath utilizes similar
mechanisms to maintain myelin stability, here, we exploit the LoxP/creERT system combined with cell-type
specific cre expression to deplete sulfatide specifically in oligodendrocytes in adulthood (Palavicini et al., 2022;
Qiu et al., 2021). Our studies demonstrate that disruption of the myelin membrane, independent of overt
changes in myelin ultrastructure, leads to significant axonal pathology indicating that correct myelin

composition is essential for proper neuron-glia communication.

The importance of these findings is accentuated by the fact that sulfatide is significantly reduced in the earliest
stages of MS (Yahara et al., 1982; Marbois et al., 2000). Interestingly, in both MS (Howell et al., 2006b;
Gallego-Delgado et al., 2020a) and in the adult-onset sulfatide depleted mouse, axonal protein domain
organization is disrupted in the NAWM. Since the commonality between the human disease and the adult-
onset sulfatide depleted mouse is the early loss of the lipid, we propose that loss of axolemmal organization is
a downstream consequence of sulfatide depletion. We further propose that sulfatide depletion is responsible
for axolemmal disorganization by the loss of stability of specific myelin proteins that mediate axon-glial
adhesion and interaction. Therefore, we propose that the loss of sulfatide, from the adult myelin sheath, will
also result in destabilization of specific myelin proteins that are microdomain associated and that are known to

regulate axon-myelin interactions.

3.3 Materials and Method
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Animal model

Using CRISPR technology, we generated a cerebroside sulfotransferase (CST) floxed mouse (Applied
StemCell, Inc, Milpitas, CA; (Palavicini et al., 2022; Qiu et al., 2021). The CST floxed mouse was mated with a
mouse expressing Proteolipid Protein (PLP)-cre conjugated to a mutated estrogen receptor (ERT) (Doerflinger
et al., 2003) (Jax Labs; stock # 005975) to generate CST" /PLP-creERT*" mice. To induce cre translocation
into the nucleus to promote CST gene ablation, 10 weeks old CST" /PLP-creERT*" mice (referred to CST-
cKO) were intraperitoneally injected with 60mg/kg body weight of tamoxifen (Millipore/Sigma; St. Louis, MO;
cat# T5648) for 4 consecutive days. CST" /PLP-creERT” mice, which were also injected with tamoxifen, were
used as controls (CTLs). Since sulfatide requires ~3 months to turnover (Norton & Cammer, 1984), we

analyzed the mice at 3, 6, and 11 months post tamoxifen injection (PI).

Polymerase Chain Reaction and Real-Time Polymerase Chain Reaction

DNA and RNA were extracted from the brains of 6-weeks post tamoxifen injected mice using Qiagen
DNA/RNA Mini extraction kit (Qiagen, Germantown, MD, cat# 80204) according to the manufacturer's
instructions. Briefly, mice were deeply anesthetized using 0.016 mL/gm body weight of a 2.5% solution of
avertin (2, 2, 2 tribromoethanol; Millipore/Sigma; St. Louis, MO; cat#T48402) in 0.9% sodium chloride
(Millipore/Sigma, St. Louis, MO; cat# S9888) and transcardially perfused with ice-cold saline. The cervical
region of the spinal cord was harvested, snap-frozen in liquid nitrogen and stored at -80C until DNA and RNA

isolation. DNA fragments spanning genomic target sites were amplified by PCR using the following primers:

Gal3stl Forward (5’- GATTGTAGCCTTCCGTATGAACCG -3’)
Gal3stl Reverse 1 (5'- CGAACTCAACTCAAAGAGAGCAGG -3’) and

Gal3stl Reverse 2 (5'- TAATCTCTGCTCTAACCTGGTCGC -3’).

After RNA isolation, contaminating DNA was eliminated through treatment with Ambion DNase | (Invitrogen
Life Technologies, Grand Island, NY; cat# AM2222). Omniscript Reverse Transcription Supermix (BioRad,

Hercules, CA; cat# 205113) was used to create cDNA from the isolated RNA (150uL/sample). Quantitative RT-
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PCR was performed with a CFX96 (BioRad, Hercules, CA) RT-PCR detection system using 1uL of cDNA,

SsoFast Evagreen Supermix (BioRad; cat# 1725201), and the following primers:

Gal3stl Forward (5- GCAGCACACTGCTCAACATC -3’)

Gal3stl Reverse (5'- ACCAGGCTTCGTGCAAAGTA -3’)

Cyclophilin A Forward (5- CTAGAGGGCATGGATGTGGT -3’)

Cyclophilin A Reverse (5'- TGACATCCTTCAGTGGCTTG-3’)
Phosphoglycerate kinase 1 Forward (5- ATGCAAAGACTGGCCAAGCTA -3’)

Phosphoglycerate kinase 1 Reverse (5-AGCCACAGCCTCAGCATATTT-3’)

Cycling parameters were: one cycle at 95°C (5 min), 39 cycles of 95°C (5s) and 56°C (5s) followed by a melt
curve measurement consisting of 5s 0.5°C incremental increases from 65°C to 95°C. The fold changes in
expression of the Cst gene in corpus callosum samples were calculated using the formula RQ 5 22DDCt, using
Cyclophilin and Phosphoglycerate kinase 1. For statistical analysis, a Student’s t-test was performed using

GraphPad Prism software version 9.4.1 for Windows.

Mass Spectrometry

Multidimensional mass spectrometry-based shotgun lipidomics analysis was performed as described
(Palavicini et al., 2022; Qiu et al., 2021). Briefly, mice were injected with Avertin and perfused with ice cold
saline. The cervical region of the spinal cord was dissected, and flash frozen in liquid nitrogen. Tissue was
homogenized and protein concentrations was determined using Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA,; cat# 5000201). In the presence of internal standards, lipids were extracted following a modified
procedure of Bligh and Dyer (Bligh & Dyer, 1959; Qiu et al., 2021). Lipids were measured using a triple-
guadrupole mass spectrometer (TSQ Altis, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a
Nanomate device (Advion Ithaca, NY, USA) and Xcalibur system. Data were processed using ion peak
selection, baseline correction, data transfer, peak intensity comparison, 3C deisotoping. Data were analyzed

using a custom-programmed Microsoft Excel macro.
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Electron microscopy

Mice were survived for 3, 6, and 11 months Pl and cervical spinal cords were prepared for standard
transmission electron microscopic analyses as previously described (J. L. Dupree, Coetzee, Blight, et al.,
1998b; Marcus et al., 2006). Briefly, mice were transcardially perfused with 0.1M Millonigs buffer containing 4%
paraformaldehyde and 5% glutaraldehyde and post fixed for 2 weeks. Cervical spinal cords (1Imm specimens)
were post fixed in 1% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA; cat# 19150),
dehydrated in ethanol and embedded in PolyBed resin (PolySciences, Warrington, PA; cat# 00552-500).
Tissues were sectioned at 70nm, stained with uranyl acetate and lead citrate (Millipore/Sigma, St. Louis, MO;
cat# 15326) and imaged using a JEOL JEM1400 PLUS transmission electron microscope (JEOL USA, Inc,
Boston, MA) equipped with a Gatan One View digital camera (Gatan, Pleasanton, CA). Transversely sectioned
tissues were used for quantifying percent of unmyelinated axons, g ratios and myelin and axonal integrity.
Longitudinally sectioned tissues were used to assess node length and presence of transverse bands. For
percent of unmyelinated axons, the total number of axons, greater than 0.3um in diameter (Mason et al., 2001)
were determined from a minimum of 10 electron micrographs collected at 5000x. The number of axons that
lacked at least a single complete ensheathment of an oligodendrocyte process, defined as unmyelinated, was
determined. The percent of unmyelinated axons, calculated by dividing the number of unmyelinated axons by
the total number of axons, was determined per mouse and a one-way ANOVA was conducted with each
mouse as an “n”. For g ratio analysis, the same electron micrographs were used. Avoiding areas of fixation
artifact, myelin pathologies and inner and outer myelin tongues, the shortest and longest diameter for each
myelinated axon was measured and the widths of the thinnest and thickest regions of the myelin sheath were
recorded. Total fiber diameter was calculated by adding the average axon diameter to the two myelin thickness
measurements. To calculate the g ratio, the axon diameter was divided by total fiber dimeter. A minimum of
100 myelinated axons per mouse was used for g ratio calculation. The average g ratio per mouse constituted
an “n” for statistical comparison and used for analysis. In addition, all g ratios were plotted, individually per
treatment group and per time point, to compare the relative subpopulations of myelinated axons with standard

(defined as g ratios between 0.70 and 0.85) or very thin (>0.85) (G. J. Duncan et al., 2021) myelin sheaths.
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Using all 10 electron micrographs collected in the transverse orientation, totaling at least 600 axons, the extent
of myelin and axon pathology was quantified as previously described (J. L. Dupree & Feinstein, 2018). Briefly,
the percent of myelinated axons that presented with specific myelin and axonal pathologies (vacuolar
degeneration of the myelin sheath; redundant myelin profiles, non-compacted myelin sheaths and axonal
degeneration) was calculated for each mouse and the total percent of the combined pathologies was

determined per mouse.

Transverse band integrity was qualitatively assessed using longitudinally sectioned samples. A minimum of 10
nodes of Ranvier with accompanying paranodes per mouse was used for this analysis. Only the middle two
thirds of the paranode was used for transverse band analysis since transverse bands are frequently, and
normally, not formed between the nodal-most and juxtaparanodal-most lateral loops and the axolemma (Allt,
1969). Nodal length was determined by measuring the distance between the most nodally positioned lateral
loops of adjacent myelin segments as previously described (Marcus et al., 2006). For statistical testing of the
nodal length, (performed by Dr. Leroy Thacker of the VCU Biostatistics Department), the fit of the two models
(single variance/covariance matrix or group specific variance/covariance matrices) was compared using a
likelihood ratio test (LRT). For all analyses an a = 0.05 was used for statistical significance and SAS v9.4 was

used.

For all ultrastructural analyses, 4-7 mice per treatment and time point were used and all analyses were limited
to the ventral columns of the cervical spinal cord. Quantitative analysis for g ratios and node length was
conducted using Image J. Analyses were performed using Student’s t-test when comparing between
treatments within a single time point or a 2-way ANOVA when comparing genotypes across time. All graphing
and statistical analysis were performed using GraphPad Prism version 9.4.1 for Windows (GraphPad Software,

San Diego, CA).

Immunohistochemistry:
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Mice 3, 6, and 11 months Pl were prepared and imaged as previously described (Clark et al., 2016; Benusa et
al., 2017). Briefly, mice were perfused as above with the exception that perfusion fixative did not contain
glutaraldehyde. Cervical spinal cords were cryopreserved in 30% sucrose in 1X phosphate buffered saline
(PBS), frozen in Tissue Tek Optimal Cutting Temperature media (Clark et al., 2016), sectioned at 40 um and
triple immunolabeled with antibodies directed against voltage gated sodium channel type 1.6 (Navl.6; 1:250,
mouse monoclonal IgG1, Antibodies Inc., Davis CA; cat# 75-026), Casprl (1:500, rabbit polyclonal, Abcam
cat# ab34151) and voltage gated potassium channel 1.1 (1:750; (Kv1.1; mouse monoclonal IgG2b, Antibodies
Inc., cat# 75-105). Sections were imaged using a Zeiss LSM 880 laser scanning confocal microscope. Images
were collected using a 63X oil-immersion objective (N.A. of 0.55) employing Nyquist sampling, with digital
zoom of 2, pin hole of 1 Airy unit, optical slice thickness of 0.21 um and line scan average of 4. X, Y, and Z
dimensions were 67um x 67um x 3um, respectively. 6-9 mice per genotype per time point were used. With a
blinded approach, Image J analysis software was used to assess nodal/paranodal/juxtaparanodal
abnormalities by marking overlapping fluorescent labels from maximum intensity projection images. All
graphing and statistical analysis were performed using GraphPad Prism version 9.4.1 for Windows (GraphPad

Software, San Diego, CA).

In situ detergent extraction

In situ protein extraction was performed as previously described with some modification (A. Pomicter et al.,
2013). Briefly, cervical spinal cords from 3-, 6-, and 11-months Pl mice were harvested, diced into small
pieces, and incubated in extraction buffer consisting of 20 mM Tris-HCI (pH 8.0), 10 mM EDTA, 150 mM NacCl,
and protease inhibitor cocktail (Millipore/Sigma, St. Louis, MO, cat# 539136) with or without Triton X-100 (19%;
non-ionic) (Millipore/Sigma, St. Louis, MO, cat# X100-5ML) at 4C for two hours with constant gentle shaking.
After two hours, tissue was removed from the extraction buffer and rinsed in 1XPBS. Optimal incubation time
for detergent penetration was determined to be two hours as indicated by Pomicter et al. (2013). Tissue was
homogenized in 200uL of 1% sodium dodecyl sulfate (SDS) (Millipore/Sigma, St. Louis, MO, cat# L3771) in
PBS with 5 pl of protease inhibitor cocktail (Millipore/Sigma, St. Louis MO, cat# 539136) for one minute.

Homogenates were aliquoted and stored at -80°C.
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Western Blot analysis

For western blot analysis, tissue aliquots were thawed on ice and protein concentrations were determined with
the Micro BCA Protein Assay kit (Thermo Scientific, Rockford, IL, cat# 23235). 2X Laemmeli Sample Buffer
(Bio-Rad, Hercules, CA,; cat#1610737) containing 5% B-mercaptoethanol (Millipore/Sigma, St. Louis, MO, cat#
M6250) was added to aliquots at a 1:1 ratio. Samples were heated at 70C for five minutes. 30ug of protein was
used per sample except for MBP where 10ug of protein was used. Samples were run on 4-20% tris\glycine
gels (Bio-Rad, cat# 4561094, Hercules, CA) for 30 minutes at 70V followed by an additional 25 minutes at
150V. For separation of Neurofascin 155 high and low, proteins were run on 10% gels (Bio-Rad, Hercules, CA,
cat# 4561034) for 30 minutes at 70V then 120 minutes at 150V as previously described (A. Pomicter et al.,
2013; A. D. Pomicter et al., 2010b)The protein ladder used was Chameleon Duo pre-stained protein ladder (LI-
COR, Lincoln, NE cat#928-60000). Samples were transferred to Immobilon-P transfer membrane (Millipore, St.
Louis, MO, cat#IPVH00010) for one hour at 100V on ice. Membranes were rinsed briefly in 1X PBS with 0.1%
Tween-20 (Millipore/Sigma, St. Louis, MO, cat#1379) (PBS-T) and stained for total protein with Revert 700
Total Protein Stain (Lincoln, NE, cat#926-11011). Total protein was visualized using an Odyssey CIx LICOR
system (LI-COR, Lincoln, NE, cat#1928) with Image Studio software version 5.2 (LICOR Lincoln, NE) for
normalization. Total protein was washed off with REVERT Reversal Solution (LICOR, Lincoln, NE, cat#629-
11013) and blocked for one hour in 2.5% dry milk in PBS-T. The blot was briefly washed with PBS-T and
incubated overnight at 4°C in Intercept Blocking Buffer with appropriate antibody (LICOR Lincoln, NE, cat#927-
70001). The following day, the primary antibody was discarded and the blot was rinsed in PBS-T and
incubated with secondary antibody for one hour at room temperature. After one-hour incubation in the
appropriate secondary antibody, the blot was rinsed in PBS-T and western blot was visualized with Odyssey

ClIx LICOR system. Blots were analyzed using Image Studio software version 5.2.

Antibodies used for Western Blot analysis
The primary antibodies used for western blot analysis are as follows: pan anti-Neurofascin (1:500) ( R&D

Systems, Minneapolis, MN, cat#AF3235); anti-Myelin Associated Glycoprotein (MAG) (1:500) (Thermo
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Scientific, Rockford, IL, cat#34-6200); anti-Myelin Basic Protein (MBP) (1:100) (Thermo Scientific, Rockford, IL,
cat#386); anti-Cyclin Nucleotide Phosphodiesterase (CNP) (1:500) (Thermo Scientific, Rockford, IL,
cat#836404); anti-Myelin Oligodendrocyte Glycoprotein (MOG) (1:500) (Millipore, St. Louis, MO,
cat#MAB5680); anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10,000) (Millipore, St. Louis,
MO, cat#MAB374); anti-contactin associated protein 1 (Casprl) (1:500) (Abcam Cambridge, UK cat#
ab34151). Secondaries from LICOR were diluted at 1:10,000 and are as follows: IRDye 680 anti-rabbit (cat#
926-68073); IRDye 800 anti-rat (cat# 925-32219); IRDye 680 anti-mouse (cat# 926-68070); and IRDye 800

anti-chicken (cat#926-32218).

3.4 Results

Confirmation of gene ablation and sulfatide depletion

Figure 3.1A represents our paradigm for injections and tissue collection timepoints. As described in Qiu et al.
(2021), the CST floxed mouse was generated with loxP sites flanking the coding regions of the CST gene
(Figure 3.1B). Here, a similar approach, as described by Qiu et al. (2021), was used to assess gene ablation
and sulfatide reduction in the spinal cord. With tamoxifen injection, cre recombinase is induced to enter the
nucleus resulting in excision of the floxed region of the gene. Figure 3.1C confirms successful CST gene
ablation in the spinal cord, which is the region of the CNS used in the present study. Amplification of the
ablated gene results in a PCR product of 432 bp and amplification of the unablated gene results in a PCR
product of 246 bp. Since whole spinal cord was used as starting material, both ablated and unablated
products are expected since non-oligodendrocytes would present non-ablated genes. The presence of the
unablated product could also result from less than 100% efficient oligodendrocyte gene ablation. The use of
whole spinal cord precludes quantifying oligodendrocyte ablation efficiency; however, the true indicator of
success of the approach is the analysis of sulfatide levels. As shown in Figure 3.1D, mass spectrometric
analyses reveal no sulfatide reduction by 3 months PI; however, there is ~50% reduction by 6 months PI and
~70% reduction by 11 months PIl. These results are similar to the previously reported lipid reduction in the
brain (Qiu et al., 2021) and this significant and consistent reduction of sulfatide confirms that the CST floxed

mouse is a viable model for analyzing adult-onset depletion of sulfatide in the spinal cord.
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Myelin thinning and axon ultrastructural pathology

To quantify the consequence of adult onset sulfatide depletion on myelin structure, we initially determined the
percent of unmyelinated axons in the ventral column of the cervical spinal cord of CST-cKO and CTL mice 3-,
6- and 11-months PI (n= 4-6 and a minimum of 650 axons was quantified per animal). No difference in the
percent of unmyelinated axons was observed at any of the survival time points (3m CTL = 7.9 + 1.2 versus
CST-cKO = 6.6 + 0.8; p= 0.903 6m CTL = 5.8 £ 0.7 versus CST-cKO = 9.0 £ 0.8; p=0.316; 11m CTL=6.5 +
1.0 versus CST-cKO =10.3 £ 2.1; p= 0.16; Figure 3.2G). We have previously reported that ~7% of the axons
in the ventral column of the cervical spinal cord of c57black6/J wild type mice are unmyelinated (Marcus et al.,

2006). Therefore, these counts are consistent with previous analysis.

Myelinated axons from the spinal cords of the CST-cKO mice presented with no difference in myelin thickness,
as quantified by g ratios at 3 months PI (n=4,4 for CTL and CST-cKO respectively, a minimum of 108 axons
per animal) (CTL = 0.779 + 0.003 vs CST-cKO = 0.770 £ 0.011; p=0.67; Figure 3.2 A&B) and 6 months PI
(n=4,5 for CTL and CST-cKO respectively, a minimum of 110 axons per animal) (CTL = 0.774 + 0.003 vs CST-
cKO =0.790 = 0.005; p = 0.22; Figure 3.2C&D). However, by 11 months PI, a modest but significant increase
was observed in g ratios (thinner myelin) (n=4,5 for CTL and CST-cKO respectively, a minimum of 103 axons
per animal) (CTL = 0.763 £ 0.006 vs CST-cKO = 0.804 * 0.006; p=0.002; Figure 3.2E&F). Although most
myelinated axons revealed myelin thickness in the normal range, based on axon caliber (g ratios between 0.70
and 0.85), a subset of the axons in the 11 months, Pl CST-cKO mice, presented with abnormally thin myelin
sheaths (g ratios >0.85) (I. D. Duncan et al., 2018). Axons with very thin myelin sheaths are presented in
Figure 3.2F (inset) and the prevalence of axons with extremely thin myelin sheaths is indicated by the scatter
plot in Figure 3.2H. Next, to analyze the integrity of myelinated axons, we quantified frequency of myelin non-
compaction, vacuolar degeneration, redundant myelin, as well as axonal degeneration. At 3 months PI, there
was no difference in integrity of the myelinated axons between the sulfatide deficient and control mice (CTL =
3.6% + 1.4%; versus CST-cKO = 3.8% +£1.3%; p = 0.99). By 6 months PI there was an apparent progressive

increase in compromised integrity (CTL = 3.2% + 0.6%; versus CST-cKO = 9.7% £ 2.8%; p = 0.21) that
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reached significance by 11 months Pl (CTL = 3.9% + 0.9%; versus CST-cKO= 14.7% * 3.4%; n = 6; p = 0.01)
(Figure 3.3B). Interestingly, when we graphed these individual pathologies, we did not see a significant
difference in myelin non-compaction nor vacuolar degeneration, but we did see a significant increase in
redundant myelin (Figure 3.3E) at 11m PI as well as axonal degeneration both at 6- and 11-months PI (Figure
3.3F). These data indicate that axonal pathology occurs independent of myelin loss with possible
demyelination/remyelination occurring at 11m PI. Although it is not possible to definitively state that
demyelination/remyelination has occurred, the presence of very thin myelin sheaths (g ratios >0.85) provides
strong supportive evidence of remyelination (Figure 3.2F inset) (I. D. Duncan et al., 2018). Demyelination

followed by remyelination also provides an explanation for the overall increase in g ratios at 11 months PI.

Compromised nodal structure

Since the constitutive CST KO mice presented with altered node/paranode organization, (Marcus et al., 2006)
we next analyzed these domains in the CST-cKO mice. In contrast to our findings in the constitutive CST KO
mice, we did not observe everted or disorganized lateral loops in the paranode at any of the time points
analyzed. Although not observed in the mice 3m PI, qualitative assessment revealed frequent disruption of
transverse bands in the periaxonal space of 6m and 11m Pl mice (Figure 3.4B). However, we observed a
variaiton in nodal length, having both longer (Figure 3.4D) and shorter nodes. We analyzed the length of the
nodal gap (n=4-6, minimum of 10 nodes per animal). At 3m PI, the nodal length was similar between the
treatment groups (CTL = 1.20pum % 0.33um; nodes versus CST-cKO = 1.08um % 0.34um; p = 0.74). By 6m and
11m PI, we observed an increase in variability, with the CST-cKO having both longer and shorter nodes. The
variance test statistically confirmed that 6 and 11 months PI mice had a significant difference in variability

(p<0.001). (Figure 3.4E).

Compromised molecular organization of the nodal regions
Together, demyelination followed by remyelination, as indicated by g ratios greater than 0.85, disruption of
transverse bands, axonal pathology, and variable nodal gap length are consistent with compromised axonal

domain organization. To directly quantify domain organization, we employed triple immunohistochemical
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labeling. As shown in Figure 3.5, Nav1.6, Casprl, and Kv1.1 are restricted to their appropriate axonal
domains, which are the node of Ranvier, the paranode and the juxtaparanode, respectively, in the CTL mice at
all ages analyzed. While there was no significant difference at the 3m timepoint, (CTL = 11.6% + 1.0%; versus
CST-cKO = 10.3% £ 0.9%; p= 0.99), which is expected due to sulfatide’s turnover rate, domain disruption was
observed at 6m PI (CTL = 12.9% + 1.2%; versus CST-cKO = 28.9% + 4.5%; p=0.003) and 11m PI (CTL =
16.3% * 1.4%; versus CST-cKO = 64.8% + 7.4%; p<0.0001). We observed a significant and progressive
deterioration of the protein domains highlighted by an invasion of Kv1.1 into paranode (Figure 3.5B), Nav1.6
elongation without evidence of either a downstream paranode or juxtaparanode, which is suggestive of
heminode formation (Figure 3.5C), Casprl length elongation (Figure 3.5D), bi-nodal Nav1.6 and intermixing of
Kv1.1 channels and Casprl (Figure 3.5E). This loss of protein domain organization is consistent with previous
findings from the constitutive CST KO mice (Ishibashi et al., 2002b; A. Pomicter et al., 2013; A. D. Pomicter et
al., 2010b); however, in contrast to the constitutive CST KO mice, the conditional CST KO mice developed with
normal levels of sulfatide removing the possibility that impaired development was a causative factor in domain

disorganization and deterioration.

Disruption of membrane stability

Based on these observations and consistent with our previous work (Pomicter et al., 2013), we hypothesized
that the reduction of sulfatide in the myelin membrane resulted in less stable anchoring of specific proteins
within the sheath. To test this hypothesis, we used our extraction method of exposing tissue to 1% Triton-X
100. To assess effectiveness of detergent penetration, we used GAPDH, a cytoplasmic protein, to compare
tissue exposed to no triton versus tissue exposed to 1% Triton X-100 and found that GAPDH was consistently
extracted at about 50% regardless of timepoints or genotype (Figure 3.6, Table 3.1A). Upon confirming the
validity of this approach, we applied this method to our CTL and CST-cKO tissues and found no difference in
the membrane stability of MBP, MOG, MAG, Nfasc155 low, or Casprl regardless of genotype or time PI
(Figure 3.6, Table 3.1B-D, 1F, H). In contrast, Nfasc 155 high was significantly more susceptible to extraction
in the CST-cKO mice at 6- and 11-months PI (72.9% protein remaining, p=0.0002 and 82.6% protein

remaining, p=0.0024, respectively) (Table 3.1G) while CNP was more susceptible to extraction at 11 months PI
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(71.5% protein remaining, p=0.0014) (Figure 3.6, Table 3.1E). See supplementary figure 3.1 for total protein

levels of each representative blot.

3.5 Discussion

After observing a variation in nodal length, and mis-localized myelin domains, we employed a previously
published biochemical approach (A. Pomicter et al., 2013; Rodi et al., 2014; Carita et al., 2017) to begin to
elucidate the mechanistic consequence of sulfatide loss on myelin sheath integrity. In our studies, we observe
both ultrastructural and molecular differences between the constitutive CST KO and our adult-onset sulfatide
deficient models. One possible explanation for this difference is a differential dependency on sulfatide for
myelin integrity during development versus adulthood consistent with sulfatide playing a greater role in active
myelination than in myelin maintenance. The constitutive CST KO mice exhibit a complete lack of sulfatide
while the conditional CST KO mice maintain a low level of sulfatide, which may be sufficient to partially

preserve myelin structure but not sufficient to maintain axonal health.

How does sulfatide regulate myelin stability?

Our initial ultrastructural studies demonstrated that adult-onset loss of sulfatide leads to axonal pathology with
relative sparing of the myelin sheath. This is in contrast to the constitutive CST KO mice which showed an
increase in g-ratios as early as 15 days of age (Marcus et al., 2006) as well as an increase in myelin
pathologies such as vacuolar degeneration, redundant myelin, and progressive uncompacted myelin that was
first observed at 1 month of age. In order to understand this disparity of sulfatide dependencies on the myelin
sheath integrity during development versus adulthood, we utilized the triton extraction approach to perturb the
membrane. The triton X-100 detergent extraction method selectively removes proteins and lipids from the
membrane that are not securely tethered in place (Taylor et al., 2002; Carit4 et al., 2017). This approach
provides a biochemically based strategy to identify membrane proteins that are differentially bound within the

membrane.
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The extraction method showed both genotypic and age-related differences between the constitutive CST KO
and the CST-cKO mice. The constitutive CST KO mice at 15 days of age showed an effect of triton extractions
independent of genotype for MOG with the protein being equally susceptible to extraction in both the WT and
constitutive CST KO mice (A. Pomicter et al., 2013). However, in adult mice MOG was not susceptible to
extraction in either the CTL or the CST-cKO mice indicating the MOG anchorage within the adult sheath is
regulated by different mechanisms compared to the adolescent sheath and that anchorage in the adult sheath
is not dependent on sulfatide. Unlike MOG, MAG was susceptible to detergent extraction in the adolescent
constitutive CST KO mice but extraction required sulfatide depletion (A. Pomicter et al., 2013). In contrast,
MAG was not readily extracted from either the CTL or the adult-onset sulfatide depleted mice. This
demonstrates that while MAG is sulfatide dependent for proper stabilization into the myelin sheath during
development, MAG employs sulfatide independent means to stabilize in the adult myelin sheath. The
extracellular domain structures such as Nogo-66 receptor (NgR2) on MAG allows it to have binding properties
and as such may facilitate binding to gangliosides on the neuronal membrane (Y. Chen et al., 2006; Janssen,
2018). Perhaps in mature myelin sheaths, MAG is able to employ this mechanism to stabilize its incorporation

within the myelin sheath.

In contrast to the constitutive CST KO mouse studies, we observed that CNP was significantly extracted at the
11m PI timepoint in the CST-cKO mice suggesting the employment of differential stabilization mechanisms in
the developing and adult myelin sheath. CNP is commonly found in Triton X-100 insoluble microdomains
(Hinman et al., 2008) and our studies confirmed CNP is resistant to extraction at the 3 and 6m timepoint in
both CTL and CST-cKO. However, at the 11m timepoint we see a significant extraction of CNP in the CST-
cKO mice. CNP is localized to the regions of non-compact myelin, particularly the leading edge, where
sulfatide is enriched (Braun et al., 1988; Brunner et al., 1989; Maier et al., 2008; Trapp et al., 1988). CNP has
post-translational modifications including iso-prenylation, and phosphorylation, (Agrawal et al., 1994; Braun et
al., 1991), which may aid in its incorporation into and stability within microdomains, and also has associations
with the underlying cytoskeleton (Dyer & Benjamins, 1989). CNP is an early oligodendrocyte marker and

expressed in pre-myelinating oligodendrocytes (Knapp et al., 1988). During process extension, CNP
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associates with microfilaments but in later stages, once membranes sheets have formed, CNP co-localization
with microfilaments disappears (Wilson & Brophy, 1989). Perhaps once process extension is complete and the
microfilaments depolymerize, CNP remains in the non-compact myelin via sulfatide associations. CNP’s
instability in the myelin sheath due to sulfatide loss may contribute to the observed pathologies. CNP is a part
of the cytoplasmic channels, such as the leading edge, which are known to support axons (Snaidero et al.,
2017). Perhaps disruption of the axo-glial complex at the level of CNP alters feedback mechanisms for the
oligodendrocyte (Rasband et al., 2005) resulting in axolemmal disorganization. Further, CNP-null mice exhibit
structurally intact myelin with subsequent axonal pathology (Lappe-Siefke et al., 2003; Edgar et al., 2009). So,
while CNP is still being expressed and produced, perhaps its instability is sufficient to contribute to the axonal

pathology presented by the CST-cKO animals.

Similar to the constitutive CST KO mice, our data show that Nfasc 155 high (H) is more susceptible to
extraction in the CST-cKO mice than from the CTL mice. Our lab discovered that Nfasc 155 exists in two forms
that we identified as Nfasc155 H and Nfasc 155 low (L) (A. D. Pomicter et al., 2010b). While it is unknown if
there are differential functions or localizations of Nfasc 155 H and L, one hypothesis to how sulfatide may
regulate Nfasc155H stability is through incorporation within microdomains. Microdomains are enriched in
cholesterol and glycosphingolipids that contain long acyl carbon chains (Brown & Rose, 1992; Hirano et al.,
2022). Neurofascin proteins contain post-translational modifications such as palmitoylation which facilitates
recruitment into rafts. Studies which cleaved the palmitate residue of neurofascin using hydroxyl amine
facilitated extraction of Nfasc155 while Casprl was unaffected (J. L. Dupree & Pomicter, 2010). Therefore, the
position and post-translational modifications of Nfasc155H may form sulfatide-dependent associations within
the membrane. Most recently however it was discovered that sulfatide is able to bind directly to Nfasc155
(McKie et al., 2023). Therefore, it is still possible removing the palmitate residue disrupts associations with
other long chain glycosphingolipids, but is not the sole mechanism of sulfatide association to Nfasc155. This
also explains why in the constitutive CST KO mouse and in our CST-cKO, we see an increase in extractability
of Nfasc 155H, but not complete extraction. Nfasc 155H is likely still being anchored through weaker

associations to other long chain glycosphingolipids, but is not completey extrcted due to loss of sulfatide. We
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predict that this disorganization of Nfasc155H at the level of the paranode is responsible for the disruption of
transverse bands. Adult-onset depletion of Nfasc155 resulted in the gradual loss of Casprl clustering (Pillai et
al., 2009; Thaxton et al., 2011). Therefore, if Nfasc 155 H is not properly stabilized within the myelin sheath, it
is unable to find its binding partner.Thus, leading to disruption of the axo-glial complex. These studies have
clinical relevance to MS patients as our lab used the extraction method on plague matter from MS tissue and

found similarly, that Nfasc155H is more extracted than in control tissue (A. D. Pomicter et al., 2010b).

The axo-glial complex is composed of Neurofascin 155 on the myelin side and contactin and Casprl on the
neuronal side (Charles et al., 2002b). These proteins are sorted to their determined location (Charles et al.,
2002b; Mierzwa et al., 2010b; Susuki et al., 2013; Amor et al., 2014; Susuki et al., 2018) and bind to form
complexes that appear as electron densities in the paranode. Potentially, as a consequence of protein
mislocalization and compromised axo-glial junctional complexes, myelin sheath tethering is undermined, thus

facilitating node length variability at both 6- and 11-month Pl mice.

Accompanying the change in nodal length is the movement of the ion channels that are specifically clustered in
the node and juxtaparanode. Using immunohistochemical labeling, we observed at both 6 and 11 months Pl an
increase in Casprl length (Fig. 3.5D), elongated and binodal (Fig 3.5C& E) sodium channel clusters, which is
consistent with reduced stability, or presence, of Nfasc 155 within the myelin sheath that has been shown to
bind to the contactin-Casprl complex and facilitate compromised ion channel clustering (Charles et al., 2002b;
Pillai et al., 2009; Thaxton et al., 2011). Transverse bands, a component of the paranodal junctional complex,
provide a mechanism to restrict sodium and potassium channels to their proper domain and disruption of the
transverse bands may lead to the ion channel mis-localization we observed (Faivre-Sarrailh, 2020). This is in
contrast to our ultrastructure data which did not show myelin pathology until 11m PI. Based on our findings, it
would appear that ion channel mislocalization may be a more sensitive indicator of axonal health than either g-
ratio measurements or myelin ultrastructural changes, which have been used for assessing myelin and axonal
damage in MS patients (Yu et al., 2019). Perhaps loss of sulfatide seen in MS may contribute neurofascin

cluster instability, which has been reported in early stages of demyelination (Howell et al., 2006b) and
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transverse band disruption (Suzuki et al., 1969) in the human disease. Moreover, diffuse sodium channel
distribution, which is accompanied by altered conduction activity, is sufficient to lead to axonal degeneration
(Smith, 2007; Freeman et al., 2016). Together, our data provide evidence that molecular disorganization of the
myelin sheath due to sulfatide loss is sufficient to lead to axonal pathology, and molecular disorganization is
the first step before overt myelin pathology occurs. Therefore, in the case of MS, membrane disorganization
through lipid dyshomeostasis may be occurring prior to clinical diagnosis thus defining the prodromic disease

period of MS. If so, the loss of sulfatide may present a valuable early marker for disease diagnosis.

3.6 Conclusion

In conclusion, our studies provide evidence of sulfatide-dependent molecular mechanisms that regulate the
stability of the axo-glial junction. Loss of sulfatide leads to instability of CNP and Nfasc155 H in the myelin
sheath which is accompanied by subsequent axonal pathology with myelin sparing. These studies shed light
on early pathogenesis in MS where sulfatide is reduced prior to demyelination consistent with the loss of

sulfatide representing a prodromic period in MS before demyelination.
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Figure 3.1: Adult-onset sulfatide depletion model. (A) Schematic of the tamoxifen injection paradigm. Both
CTL and CST-cKO littermates were aged to 10 weeks and given an intraperitoneal injection of 60mg/kg of
tamoxifen for four consecutive days. Samples were collected at 6 weeks PI for ablation assessment; mice were
analyzed at 3, 6 and 11 months PI (B) Schematic illustrating the non-coding (exon 1a-g; white rectangle) and
coding (exons 2 and 3; black rectangles) of the CST gene with loxP sites (striped triangles) upstream and
downstream of coding exons 2 and 3. Three primers (red arrows) were designed around the loxP sites to
detect for genetic ablation: F (forward) primer 1, F (forward) primer 2, and R (reverse) primer 1. Tamoxifen was
administered to both CST-cKO and CTL mice, resulting in CST gene recombination in CST-cKO mice (left)
with gene sparing (right) in CTL mice. (C) PCR amplification of genomic DNA from the spinal cord of CTL and
CST-cKO mice confirmed recombination in CST-cKO mutant mouse brains 6 weeks post tamoxifen injection.
(D) Lipidomic analysis of total sulfatide in CST-cKO and CTL spinal cord presented no change in sulfatide
levels by 3 months post injection but a significant sulfatide loss at 6- and 11-months post injection. C:****

p<0.0001 One-way ANOVA. All data are presented as mean + standard error.
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Figure 3.2: Sulfatide depletion resulted in no change in the percent of unmyelinated axons and myelin
thickness was only reduced at 11 months PI. (A) Cross section representative images from the ventral
columns of the spinal cord from control (CTL; A, C, E) and CST-cKO (B, D, F) mice following 3- (A and B), 6-
(C and D) and 11- (E and F) months post injection (PI). 3-, 6- and 11- months Pl mice presented abundant
myelinated axons with no difference in the percent of myelinated versus unmyelinated fibers (G). However, we
observed an increase in g-ratios at 11m Pl indicating demyelination/remyelination (H). Note the presence of
axonal pathology in the 6m- and 11m-PI CST-cKO mice as well as evidence of demyelination/ remyelination at
11m PI (inset). Data are presented as mean * standard error; data statistically compared by 2-way ANOVA

analysis followed by a Tukey’s post-hoc multiple comparison test. Scale bar=5um
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Figure 3.3. Quantification of myelin and axonal pathologies in the dorsal region of the cervical spinal in
CST-cKO mice. (A) Representative image of a healthy axon with an intact, compacted myelin sheath and an
appropriate array of neurofilament and microtubules (Ai). Representative images of various myelin and axonal
abnormalities observed in the spinal cord of the CTL and CST-cKO mice: (from left to right): axon losing
attachment to the myelin sheath (Aii; vacuolar degeneration; black arrows); presence of cytoplasm between
compacted wraps of myelin (Aiii; un-compaction; white star); compact myelin out folding (Aiv; redundant
myelin; red arrows) and organelle fluid filled swellings and cytoskeletal degeneration within the axon (Av; axon
degeneration; red arrows). (B) Quantitative analysis combining all pathologies revealed a significant increase
in myelin/axonal pathologies at 11m PI but not at 3- and 6- months PI. Separating out the individual
pathologies revealed no significant difference in myelin ultrastructure except for redundant myelin (C-E); (F)
axonal degeneration was significantly increased in the 6m and 11m CST-cKO mice. All data were statistically

compared using a 2-way ANOVA; * p<0.05.
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Figure 3.4. Increase in nodal length variability and loss of transverse bands following adult onset
sulfatide depletion. (A) CTL mice revealed equally spaced electron densities (arrows), at the interface
between the lateral loops of the myelin sheath and the axolemma. (B) In contrast, transverse bands were
missing and structurally disrupted (note electron densities without clearly defined edges, arrows) in the
periaxonal space of the CST-cKO mouse. (C) Normal ultrastructure of a node of Ranvier (indicated by red
arrows) including nodal length (~1 micron) and flanking paranodal regions with lateral loops closely apposed to
the axolemma. (D) CST-cKO mice revealed nodes of Ranvier with varying lengths including abnormally long
nodal gaps. Heminodes, defined by a single paranode (indicated by red arrow) with no adjacent paranode in
the plane of section for at last 3 microns, were also observed. (E) A significant difference was observed in
length variability in the 6- and 11-months post tamoxifen injected CST-cKO mice. A-B Scale bars = 1um. C-D
Scale bars=0.5um For analysis, the fit of the two models (single variance/covariance matrix or group specific

variance/covariance matrices) was compared using a likelihood ratio test ****p<0.0001.
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Figure 3.5. Mis-localization of axonal domain proteins following adult-onset sulfatide depletion. (A) An
axon from a CTL mouse demonstrates proper ion channel and axonal domain protein organization in the spinal
cord with Nav1.6 (green) localized to the node of Ranvier; caspr1 (blue) localized to the paranode; and Kv1.1
(red) localized to the juxtaparanode. Common, but not exclusive, pathologies observed included (B) Kv1.1
invading the paranodal region, (white arrows); (C) elongated sodium channel domain (white star) and
heminode (white bracket) (note: z-stack collected encompassed entirety of fluorescence and absent paranode
was not the result of exclusion of z-stack); (D) elongated caspr1 localization (white brackets); (E) combination
of several pathologies including binodal sodium channels clusters (yellow stars) and intermixing of Kv1.1
channels and caspr1. (F) Quantification of protein organization revealed preservation of protein domains at 3-
months PI but a significant loss of axonal domain organization at 6- and 11-month PI. Data are presented as

mean + standard error and analyzed using a 2-way ANOVA; ** p<0.01 **** p<0.0001. Scale bars = 5um
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Figure 3.6. Nfasc155H and CNP exhibit an increased susceptibility to detergent extraction in the
absence of sulfatide. Cervical spinal cords from CTL and CST-cKO mice, incubated in extraction buffer
without detergent (EB) or in buffer containing detergent Triton X-100 (TX). GAPDH was extracted independent
of sulfatide at a consistent ratio across timepoints to confirm validity of technique. Nfasc155H and CNP were
extracted at a greater rate in the CST-cKO mice, while MAG, MOG, MBP, and Caspr1 remain unchanged

regardless of treatment or genotype

95



GAPDH

MAG
PI CTL CST-cKO
3 100 +1.6 98.6 +3.1
6 100 +5.9 104.7 +0
11 100 +6.3 1047 5.9
MBP
PI CTL CST-cKO
3 100+10.3 715457
6 100 +18.23 740 +46
11 100 +5.0 100.5 +14.0
Casprl
CTL CST-cKO
3 100 £11.5 [100.7 £9.5
6 100 +11.3 [1044 +9.6
11 100 +5.7 [108.8 +5.1
NF155L cCST
CTL CST-cKO
3 100 +1.2 935+20
6 100+ 0 994+40
11 100 3.9 105.8+2.7

Quantification of myelin proteins following Triton X-100 extraction

PI CTL CST-cKO
3 46.0+48 544 +29
6 439 + 6.8 409 +23
11 49121 547 +46
MOG
PI CTL CST-cKO
100+63 [956+45
6 100+43 |105.6+78
11 100+ 6.3 104.8+49
CNP
CTL CST-cKO
3 100 +6.8 102.7 +4.2
6 980+37 102.1452
11 100 +4.3 71.5 +0.86*
NF155H
CTL CST-cKO
3 100 +4.6 96.0+09
6 100 +1.9 729 +4.7*
11 100 £3.8 826 +5.0*
Table 3.1:
* p<0.05
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Supplement Figure 3.1: Total protein load for western blot analysis
Total protein blots, stained with REVERT total protein stain, were used to normalize protein percentages for all

proteins analyzed. Note Nfasc155 total protein is lighter due to different gel conditions, see methods
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CHAPTER FOUR

DISCUSSION

4.1 Summary

The focus of these studies was to better understand how adult onset sulfatide loss may affect axonal and
myelin integrity in the NAWM of MS patients. While the pathogenesis of MS is largely autoimmune, our studies
demonstrate lipid dyshomeostasis, through sulfatide reduction, may be a causative factor in the onset of MS,
particularly with regard to axonal pathology in the absence of demyelination. Previous studies demonstrated
sulfatide is essential for myelin maintenance during development, with particular emphasis of pathology
present at the paranode (Honke et al., 2002; Marcus et al., 2006). The constitutive CST KO studies established
the role of sulfatide in the developing CNS; however, this mouse has limited clinical relevance to onset of MS
due to 1) sulfatide being disrupted embryonically and 2) sulfatide is not completely absent in the NAWM of MS
patients, but rather is reduced. Therefore, our model establishes an early onset aspect of MS, allowing us to

observe structural and functional differences due to reduction of sulfatide throughout the CNS.

In the present series of studies, | demonstrate for the first time that sulfatide loss in adulthood results in
disruption of the contactin-neurofascin complex, ion channel mis-localization, with subsequent axonal
degeneration and overt myelin sparing with slight regional differences throughout the CNS (Figure 4.1). This
contrasts with what was observed in the constitutive CST KO (Honke et al., 2002; Ishibashi et al., 2002b;
Marcus et al., 2006). Based on the previous work form our lab, | predicted that OL specific, sulfatide loss in
adulthood would result in a similar effect of overt myelin abnormalities. These studies not only provide a more
nuanced model for MS pathogenesis, but also enable us to tease apart the differential roles of sulfatide in the

CNS during development versus adulthood.

Molecular observations of constitutive versus conditional CST KO
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Across all CNS regions analyzed (corpus callosum, ventral and dorsal columns of the cervical spinal cord), my
work demonstrates that myelin sheath ultrastructure remains intact through 6m PI. There is no significant
difference between the percentage of unmyelinated axons, nor is there a change in the g-ratios or any
significant difference in myelin abnormalities between the CTL and the CST-cKO mice. In the developmental
model, the constitutive CST KO mice showed increased g-ratios by 15 days of age in the ventral columns of
the cervical spinal cord. As these mice age, they develop a progressive tremor that first appears between 2
and 3 months of age that progresses into a significant impairment of ambulation by 7 months of age. This
progressive loss of motor function is accompanied by myelin abnormalities such as vacuolar degeneration,
redundant myelin, and progressive uncompacted myelin (Marcus et al., 2006). Taking a closer look at the
molecular organization between these two models, there are differences between myelin proteins, lipids, and
cytoskeletal elements. In the constitutive CST KO, there was a significant decrease in galactosylceramide,
sphingomyelin and phospholipids in 3 month old mice. In addition, major myelin proteins such as MBP, PLP,
MAG, and Nfasc155H were reduced (Palavicini et al., 2016). Studies that isolated myelin in 30 day old mice
constitutive CST KO mice reported changes in expression of cytoskeletal elements, vesicular transport, and
metabolomics (Fewou et al., 2010). Therefore, the resulting motor deficits and myelin pathologies reported in
the constitutive CST KO mice could largely be attributed to deficits in global lipid synthesis and a severe
reduction in major myelin proteins such as PLP and MBP. In contrast, the conditional CST-cKO mice present

no significant difference at 3- or 6-months Pl in MAG, CNP, MOG, Nfasc155, or MBP.

The constitutive and conditional CST KO models demonstrate a measurable difference in their phenotype.
These dramatic differences are likely due to 1) timing of depletion with the constitutive KO mice having no
sulfatide during myelin production while the conditional KO mice having sulfatide depletion during the time of
myelin maintenance and 2) the degree of sulfatide reduction with the constitutive KO mice having a complete
depletion of the lipid while the conditional CST KO mice only presented with reduced lipid levels and 3)
Sulfatide is depleted in all cells such as kidney, colon, pancreas, liver, and gall bladder in the CST KO (Honke
et al., 2002). Therefore, it is possible depletion of sulfatide in these organs can lead to differences in

phenotype. As such, studies have demonstrated that embryonically disrupting sulfatide results in global protein
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and lipid changes with subsequent structural pathology (Marcus et al., 2006; Fewou et al., 2010; A. Pomicter et
al., 2013; Palavicini et al., 2016). Our conditional sulfatide reduction model is not depleted of sulfatide rather, it
becomes progressively reduced, and it appears myelin proteins and lipids remain relatively stable (Qiu et al.,
2021). The constitutive CST KO mice exhibit a complete lack of the sulfated lipid while the conditional CST KO
mice maintain a low level of sulfatide, which may be sufficient to partially preserve myelin structure but not

sufficient to maintain axonal function.

Structural comparisons of constitutive versus conditional CST KO

We observed a significant increase in nodal length variability at 6m Pl in the ventral region of the spinal cord
and an increase in nodal length variability at 11m PI in the corpus callosum and ventral region of the spinal
cord. The constitutive CST KO mice also presented disrupted nodal lengths, which was accompanied by
severely compromised myelin sheath integrity both in the internodal and paranodal regions (Marcus et al.,
2006). In contrast, nodal disruption in the conditional CST KO mice presented with relative sparing of myelin
structure. However, this maintained structural integrity is not sufficient to preserve the molecular integrity of the
axonal domains. At 6m PI we see a mis-localization of ion channels in both the corpus callosum and spinal
cord, suggesting a breakdown of the axo-glial complex. Improper tethering of the myelin to the axon via
transverse bands could facilitate ion channel lateral diffusion along the axon, resulting in mis-firing of neurons,

as seen by the loss of N1 CAP, and the resulting motor dysfunction.

While the myelin in the sulfatide conditional KO mice is relatively stable compared to the constitutive KO,
myelin thinning was observed at 11-months PI in the ventral region of the spinal cord. Thin myelin indicates
demyelination/remyelination occurring in the adult mouse (I. D. Duncan et al., 2018). If the adult
oligodendrocytes are participating in remyelination, this newly formed myelin may more closely represent the
phenotype of the developmental constitutive CST KO, as this myelin would be extending, wrapping, and
compacting without sulfatide. The constitutive CST KO showed a plethora of myelin abnormalities, and while

no increase was observed in in myelin-uncompaction or vacuolar degeneration, two very common myelin
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abnormalities observed in the constitutive KO mice (Marcus et al., 2006), we did see an increase in redundant
myelin at 11-months PI. Also referred to as “myelin outfoldings”, this myelin feature is more prevalent during
development, perhaps to aid in trafficking of components to the leading edge (Rosenbluth, 1966; Snaidero et
al., 2014). However, after adult-onset, these myelin outfoldings practically disappear; therefore, presence of
redundant myelin during adulthood is considered pathological and is observed in other dys-myelinating
neuropathologies (Previtali et al., 2007; Mierzwa et al., 2015). In our case, we are seeing axonal pathology

precede this overt myelin pathology across all CNS regions analyzed.

Axonal degeneration preceding myelin pathology persists in multiple CNS regions

Our initial studies in the corpus callosum show about a 30% disruption of myelin domain structure at 6m Pl with
a progressive increase to ~90% by 11m PI. This significant and robust deterioration as early as 6m Pl
demonstrates that ion channel mis-localization may be a more sensitive indicator of overall myelin-axon health
than myelin integrity. Interestingly, a similar mis-localization is also observed in the NAWM of MS patients
(Howell et al., 2006a; Gallego-Delgado et al., 2020b; Luchicchi et al., 2021a) further supporting the idea that
domain organization occurs early in disease progression and is not dependent on demyelination. Following ion
channel mis-localization, at 11 months Pl the corpus callosum of the conditional CST-KO revealed a significant
increase in axonal pathology with just under 10% of the axons presenting with signs consistent with
degeneration compared to 0.5% in the corpus callosum of CTL mice. To confirm this observation of axonal
degeneration with the presence of intact myelin, we analyzed the dorsal column of the cervical spinal cord.
Here we observed a similar trend of 4% axonal degeneration vs 1% in CTL. While the trends are similar, there
is nearly double the percentage of axonal degeneration in the corpus callosum. It is known that there are
regional differences in myelination and signaling molecules between the brain and spinal cord regions (Bercury
et al., 2014; Wabhl et al., 2014; Zeisel et al., 2018). Mature oligodendrocytes (MOLS) have distinct
subpopulations, having unique functional roles in development, myelination, and disease (Marques et al.,
2016). These subpopulations of MOLs, (MOL1-6) have differential expression between the corpus callosum

and spinal cord. MOL2 is significantly more prevalent in dorsal SC than in CC (Floriddia et al., 2020). Floriddia
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et al. (2020) demonstrated that MOL2 may be associated with circuit remodeling, resulting from sprouting of
intact axons proximal to the injury site. Mature oligodendrocytes can change their transcriptional profile after
injury (Falcéo et al., 2018). Perhaps loss of sulfatide in these subsets of mature OLs triggers altered

expression patterns, leading to differential axo-glial communication responses.

In the ventral column of the spinal cord, we observed an earlier occurrence of axonal degeneration. In both the
corpus callosum and the dorsal column of the spinal cord, we did not observe significant axonal degeneration
until 11m PI. In the ventral columns of the spinal cord, significant axonal degeneration presented in the CST-
cKO by 6 months PI, having 5.9% of axons showing degeneration versus control having 0.5%. At 11 months PI
we see a further progression of degeneration reaching ~8% versus 1.4% in aged-matched CTL mice. The
ventral column houses motor axons which are larger in size, ranging from 1um to over 9 um (Marcus et al.,
2006; Stifani, 2014; Saliani et al., 2017). Due to their larger size, trafficking of components and energetic
demands are higher (Perge et al., 2009; Chamberlain & Sheng, 2019), possibly leaving them more susceptible

to damage (Mahad et al., 2009).

Our studies demonstrate that loss of sulfatide in adulthood leads to axonal degeneration independent of
demyelination. However, we do not know the exact mechanism by which this occurs. Likely, there are multiple
mechanisms at play mediating axonal degeneration. In this discussion we will consider possible causative

roles of axonal degeneration following sulfatide loss.

Channelopathy

Although the timing of domain disruption was slightly different among the 3 regions analyzed, a loss in axonal
domain organization was a consistent, progressive pathologic event that occurred independent of myelin loss.

Consistent with this loss of domain organization, the electrophysiological data revealed a loss of function of the
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myelinated axons with a loss of the N1 peak. Previous work has indicated a correlation between altered

expression and localization of Nav1.6 voltage gated channels and axonal degeneration.

Mis-localization of ion channels and axonal domains was the first pathology observed in the corpus callosum
and concomitantly with axonal degeneration in the ventral column of the spinal cord at 6m PI. In the corpus
callosum and spinal cord at 6m PI, there was a significant increase in mis-localization of myelin domains. lon
channels play a fundamental role in the health and function of the axon and proper localization is critical for
proper action propagation. Here, we observed mis-localization of these domains results in disruption of N1
waveforms. Mis-localization of these ion channels may not only lead to disruption of action potential
propagation, but channelopathies leading to axonal degeneration. Previous work in animal models of MS and
in MS tissue demonstrated that in demyelinated fibers Nav1.6 migrates beyond the boundaries of the node of
Ranvier and can co-localize with sodium/calcium exchangers (NCX) resulting in axonal degeneration due to a
reversion of function (Craner et al., 2003; Craner, Hains, et al., 2004; Craner, Newcombe, et al., 2004; Bouafia
et al., 2014; Alrashdi et al., 2019). Unlike other sodium channel isoforms, Navl.6 is capable of producing a
persistent sodium current. This buildup of sodium ions triggers a reversal of NCX function. Under normal
conditions, the NCX exports calcium ions (Ca?*) and imports sodium ions (Na*). However, if Nav1.6 channels
are diffusely expressed along the axon, causing increased depolarization near the NCX, the sodium gradient
will be diminished and the electrochemical driving force will reverse triggering Ca?* to enter the axon (Stys et
al., 1992; Craner, Hains, et al., 2004; J.-L. Song et al., 2022). Increase in intracellular Ca?* activates calpains
and caspases that can degrade cytoskeletal proteins (Gutiérrez-Martin et al., 2005). Increase in calpain
activation due to increased Ca?* levels leading to axonal degeneration is a well-established observation in
neurodegenerative diseases (Bano et al., 2005; J. Yang et al., 2013; J.-L. Song et al., 2022). Further, studies
inhibiting either calpain activation or NCX function in inflammatory models, as well as demyelinating diseases,
has shown to have protective effects (Kapoor et al., 2003; Bei & Smith, 2012; Omelchenko et al., 2019;
Cunningham et al., 2023; McGonigal et al., 2023). These studies propose that the temporal order of events is
demyelination followed by mis-localization of Nav1.6 with consequential reversal of function of NCX and

ultimately Ca?* accumulation and pathologic calpain activity. However, mis-localization of Nav1.6 has also
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been reported in areas of NAWM in MS brains (Gallego-Delgado et al., 2020b; Luchicchi et al., 2021a).
Therefore, it is possible that the initiation of the pathologies that develop downstream of demyelination actually

occur prior to myelin loss.

In our model, Nav1.6 becomes mis-localized in the absence of demyelination. Therefore, we predict that
elongation of the Nav1.6 domain or migration of Nav1.6 beyond the boundaries of the node of Ranvier, which
we show in Chapter 2 figure 2.9C is sufficient to alter NCX activity with subsequent axonal degermation.
Moving forward, it would be interesting to see if inhibition of either NCX or calpain could protect axons from
subsequent damage in our sulfatide reduction model. Therefore, future studies using the CST-cKO mouse
should explore co-localization of NCX with Nav1.6, Nav1.2 and a marker for axonal injury such as smi-32. Smi-
32 detects non-phosphorylated neurofilaments, and non-phosphorylated neurofilament accumulation within the

axon is considered a marker of acute axonal injury (Meller et al., 1994; Schirmer et al., 2012).

Sulfatide in Microdomains

Microdomains are small cholesterol and glycosphingolipid rich microdomains that function to compartmentalize
proteins for a variety of processes such as signaling, stability, and aid in receptor binding (Laganowsky et al.,
2014; Isik & Cizmecioglu, 2023). Sulfatide could be playing a much more global role in mediating myelin-axon
interactions. Sulfatide is a major constituent in microdomains. As such disruption of the microdomain
stoichiometry could disrupt proper sequestering of proteins into their proper domains for signaling. In our
studies, we demonstrated perturbation of the myelin sheath through the absence of sulfatide, which resulted in
increased extraction of specific myelin proteins. While this study demonstrated that sulfatide mediates protein
stability within the myelin sheath, we looked at a limited panel of prominent myelin proteins. Microdomains
have a multifunctional role in compartmentalizing scaffolding proteins and serving as a platform for signaling
domains, and cellular processes such as proliferation and apoptosis (Wee & Wang, 2017; Kovacs et al., 2022;

Gajate et al., 2009; Sankarshanan et al., 2007). Therefore, reduction of sulfatide in microdomains could lead to
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a broader range of disruption in cellular processes such as development, trafficking, and

proliferation/differentiation.

Using an Alzheimer’s Disease gene expression panel, our collaborators found a significant difference in
cellular processes such as transport, cell differentiation and development in 9m Pl CST-cKO mice. In addition,
it is known oligodendrocytes can communicate with neurons via exosomes (S. Li & Sheng, 2023). Exosomal
membranes consist of microdomains (Skotland et al., 2019; Horbay et al., 2022). Therefore, it is possible
reduction of sulfatide may be disrupting proper neuron-glia transport via disruption of exosome membrane

composition, leading to neurodegeneration.

Kiss and Run mechanism

Low levels of sulfatide are found in neurons and astrocytes (Isaac et al., 2006; Van Zyl et al., 2010), however
the specific function of sulfatide in these cells is not known. While studies have shown CST activity in neurons
(Eckhardt et al., 2007), there is debate whether neurons synthesize sulfatide or it is imported via endocytosis
(Pernber et al., 2002; Molander-Melin et al., 2004). Our group has proposed a mechanism for sulfatide
transport to neurons (Han, 2004, 2007, 2010). Under normal physiological conditions, apoE4-associated
lipoproteins are released from astrocytes where they acquire sulfatide from the myelin sheath through a “kiss-
and-run” mechanism. They then traffic to the neuron and bind to low-density lipoprotein (LDL) receptors on the
neuron. The cargo is metabolized through the endocytic pathway and incorporated into neurons (Arélin et al.,
2002; Shinohara et al., 2017; Gal et al., 2022). Perhaps sulfatide reduction in our CST-cKO model leads to
diminished availability of the lipid to be trafficked to neurons, leading to neurodegeneration. There is
overwhelming evidence describing how oligodendrocytes metabolically support axons (Finfschilling et al.,
2012; Y. Lee et al., 2012; Saab & Nave, 2017). It is possible that sulfatide plays a direct role supporting
neurons. A few possibilities include integration into microdomains to support the plasma membrane or

integration into microdomains to aid in trafficking of axonal components (Sonnino et al., 2014; Grassi et al.,
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2020). Therefore, reduced sulfatide in oligodendrocytes may mediate neurodegeneration through loss of

sulfatide transport to the neuron.

Immune mediated mechanism

Sulfatide has differential roles in the immune system, having evidence of both inflammatory and anti-
inflammatory responses (Jahng et al., 2004; Su et al., 2021; S. Li & Sheng, 2023). In our recent paper, (Qiu et
al., 2021), we observed evidence of astrogliosis and microgliosis in the CST-cKO mice. Using a gene
expression panel, there were differences in genes related to transport, cell differentiation/ development and
immune response without infiltration of peripheral immune cells. Specifically, there is an increase in TREM2
which is a lipid sensor and promotes microglial response in areas of demyelination (Poliani et al., 2015).
Considering cross-talk between oligodendrocytes, microglia, and astrocytes occurs (Domingues et al., 2016),
and sulfatide is able to interact with the extracellular milieu (Baron et al., 2014; Capelluto, 2022), it is possible
the absence of sulfatide’s headgroup on the outer leaflet may be sensed by TREM2 or other receptors, leading
to a response (Su et al., 2021). Thus loss of sulfatide could lead to inflammation-mediated neurodegeneration
(Block & Hong, 2005; Choi et al., 2021; Muzio et al., 2021). However, this study did not elucidate the

mechanism by which loss of sulfatide could contribute to inflammation.

Mechanisms of sulfatide reduction in MS

Our findings from the CST-cKO mice demonstrate that adult onset sulfatide depletion is sufficient to drive
axonal structural and functional pathology in the absence of demyelination. This is highly significant since
sulfatide is significantly reduced in MS prior to myelin loss. However, it remains unknown how sulfatide is
reduced in the NAWM of MS patients. Considering sulfatide is located on the extracellular leaflet of the myelin
sheath and forms a glyco-synapse with galactosylceramide (Boggs et al., 2008), it's head group is strategically
positioned to make contact with the extracellular environment. Using a similar idea of a “kiss-and-run”
mechanism by astrocytes, | predict that CD1d- restricted NK T cells bind sulfatide (Shamshiev et al., 2000;

Arrenberg et al., 2010) and extract it from the membrane to present to T-cells for recognition. When sulfatide is
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bound by CD1d- restricted NK T cell for presentation for T-cell recognition, the sphingosine backbone binds in
the F’ pocket of the CD1d molecule, and the acyl chain of varying lengths binds in the A’ pocket (Zajonc et al.,
2005). The 3’-sulfatide galactose headgroup projects up and away from the binding pocket and is exposed for
interaction with the T-cell receptor (TCR). Thus, allowing for sulfate-specific interactions with the TCR. If this

process is occurring in an aberrant fashion, perhaps the CD1d- restricted NK T cell is reducing the amount of

sulfatide in the myelin sheath by continual extraction and presentation to T-cells.

However, our model does not recapitulate how sulfatide may be reduced in the NAWM. Our model reduced
sulfatide genetically, and we still observed astrogliosis and microgliosis due to loss of sulfatide (Qiu et al.,
2021). Several studies have published sulfatide having both inflammatory and anti-inflammatory responses
(Jeon et al., 2008; Maricic et al., 2014). However, these studies share the commonality in that sulfatide
specifically, and not it's precursor GalCer, was able to elicit these immunogenic responses. Therefore, moving

forward, sulfatide should be considered as a mediator for inflammation in MS

Implications for MS diagnosis and treatment

As previously described, MS is diagnosed using the McDonald criteria which uses DIS and DIT to diagnose
MS. Therefore, by the time of diagnosis, substantial pathology has occurred before the patient is on disease-
modifying therapies (DMTSs). Identifying a prodromic biomarker for MS would be beneficial to diagnose and

begin treatment earlier in patients prior to demyelination.

More recent research has focused on the use of proteomics or metabolomics as a prognostic biomarker (Jafari
et al., 2021) and sulfatide has been considered a marker for disease progression in MS (Moyano et al., 2013,
2016; Novakova et al., 2018) using plasma or CSF of MS patients. However, using a larger patient population,

there was no difference in specific sulfatide isoforms from CSF between MS patients and healthy donors
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(Novakova et al., 2023). Follow-up studies should be performed on larger patient populations assessing

sulfatide in plasma as a marker for disease progression.

More recently, studies have shown there is a shift in lipid profiles in MS (Ferreira et al., 2021; Podbielska et al.,
2022). In MS patients, it is likely sulfatide is not the only lipid affected, but our studies have shown that sulfatide
reduction alone is sufficient to drive axonal pathology independent of demyelination. | predict the onset of MS

is coincides with a global lipid dyshomeostasis, but sulfatide reduction may be the leading cause of subsequent

pathology.

Concluding Remarks

Our studies have demonstrated reduction of sulfatide in the myelin sheath can lead to axonal degeneration
with relative myelin sparing. The disparity between myelin and axonal health is novel as typically in myelin
mutants axonal pathology follows myelin pathology (C. Li et al., 1994; Bhat et al., 2001; Rasband et al., 2005;
Pillai et al., 2009; Marcus et al., 2006; Mayer et al., 2011; Steyer et al., 2023) However, growing evidence in
the field demonstrates that axonal pathology can proceed with structurally intact myelin in myelin mutants
(Joseph et al., 2019; Buscham et al., 2022). Here, we have added to the growing body of literature
demonstrating sulfatide is highly multifunctional, playing a role in mediating axo-glial interactions, supporting
axonal health, and stabilizing molecular interactions in the myelin sheath, and these roles may differ in various
CNS regions. More recent studies have demonstrated the immunogenicity of sulfatide and it's implication in
MS, therefore further clinical studies need to be conducted to identify sulfatide as a biomarker in the onset of

MS.
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Figure 4.1 Schematic of proposed role of sulfatide in CNS integrity. In our current studies, we
demonstrate loss of sulfatide causes molecular aberrations in the myelin sheath by loss of contactin-
Neurofascinl55 contact, leading to destabilization of transverse bands, thus causing an increase in variability
in nodal length. The disruption of the transverse bands is likely what allows mislocalization of ion channels,
thus disrupting proper functioning of the myelinated fibers. Subsequently at 11 months Pl we see

neurodegeneration.
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APPENDIX ONE

Developmental Study of Myelination and Compound Action Potentials (CAP)

Background: g-ratios are the gold standard in the myelin field of assessing myelin health, and proper
conduction of action potentials in myelinated fibers. Recently, our work has shown that g-ratios are not an
indicator of axonal function, and ion channel mis-localization may be a more sensitive indicator of axonal
health. During early post-natal development, the myelination is not complete in the corpus callosum and proper

myelin domains (Node of Ranvier, paranode, and juxtaparanode) have not been set up yet.

Rational: Therefore, we want to compare g-ratios, nodal domain localization, and electrophysiological function

of developing brains. *I contributed electrophysiological studies which will be described below*

Methods: Post natal day 14, 21, and 28 day old wild-type c57black/6J mice were initially anesthetized with the
volatile anesthetic isoflurane followed by an intraperitoneal injection of ketamine (200 mg/kg) and xylazine (20
mg/kg). Mice were then transcardially perfused with ice-cold sucrose atrtificial cerebrospinal fluid (sucrose-
aCSF), which contained (in mM): 206 sucrose, 25 glucose, 25 NaHCO3, 4 MgS04, 3 KCI, 1.25 NaH2PO4, 1.2
CaCl2 saturated with 95% O2 and 5% CO2. Following perfusion, mice were decapitated and the brain
removed to produce ex vivo brain slices. Coronal brain slices of 350um thickness were sectioned in the same
ice-cold sucrose-aCSF using a vibratome (Leica VT1200, Leica Biosystems, Deer Park, IL). Slices between
1.0 mm anterior to bregma and -2.5 mm posterior to bregma were collected for recording and maintained in an
incubation chamber for at least 30 min before recording. The incubation chamber contained room temperature
aCSF (~21° C) consisting of (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 3 KCI, 1.2 NaH2PO4, 1.2 CaCl2, 1.2
MgSO4 bubbled with 95% O2 and 5% CO?2. For recording, slices were transferred to a recording chamber
mounted on the stage of an Olympus BX51WI microscope (Olympus Life Science Solutions, Bartlett, TN)
equipped with a 10x (0.3 NA) water immersion objective and perfused with oxygenated room temperature

aCSF. For electrophysiology studies, an n = 3 mice per timepoint was used.

To stimulate corpus callosal fibers, a bipolar stimulating electrode (FHC Neural Microtargeting, Bowdoin, ME;

matrix electrode; cat #30250) was placed approximately 1 mm from a glass micropipette recording electrode
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filled with extracellular solution (1.65 mm OD, 1.0 mm ID, 8250 capillary glass, King Precision Glass,
Claremont, CA). Micropipettes were pulled on a horizontal electrode puller (P1000; Sutter Instruments, Novato,
CA) to produce tip diameters of approximately 2um that resulted in ~3 MQ resistances when filled with aCSF.
Compound action potentials (CAPs) were evoked with a DS3 Isolated Current Stimulator (Digitimer, Ft.
Lauderdale, FL) and measured with a Model 2400 patch clamp amplifier (A-M Systems; Sequim, WA). The
resultant extracellular analog signals were converted into a digital signal by a PCI-6040E A/D board (National
Instruments, Austin, TX), and stored and analyzed on a PC computer using WCP Strathclyde Software
(courtesy of Dr. J Dempster, Strathclyde University, Glasgow, Scotland). CAPs were elicited using a
stimulation protocol consisting of five consecutive sweeps, 100us in duration, with a 10s delay between
sweeps ranging from 100pA to 500pA. An average of three recordings from one slice was used to reduce
signal to noise ratio. CAPs were analyzed using the WinWCP program (courtesy of Dr. J Dempster,
Strathclyde University, Glasgow, Scotland). Graphpad prism (San Diego, CA) was used to graph the ratio of
N1 (myelinated axons) to N2 (unmyelinated axons) and for statistical analysis. Analysis was performed using a
2-way ANOVA comparing genotypes across stimulus current. Representative traces were superimposed using

Origin2020b software (Origin, Northampton, MA).

Results: At 7 days of age, the mice presented with no N1, only one singular peak was observed. This peak
occurred 3 milliseconds after the stimulus artifact which is consistent with N2 peaks. At 21 days of age the

average stimulus current was 0.147 + 0.02 and at 28 days the average stimulus current was 0.2358 + 0.02.
The ratio of N1/N2 averaged across all stimulus currents for 7, 21, and 28 day old mice were significantly

different (appendix figure 1).

— 7 days
0.4+
Moving forward: The data is highly variable, increase ‘n’ at 21 days
o 0.3 — 28 days
4
each timepoint as well as performing electrophysiology on 7 % 0.2 T
. _ _ g L -
day old mice would give clearer picture on the relationship 0.1 t }
. . . . . 0'0_
between myelination state indicated by g-ratio, and CAP. IHC T T T T ,
100 200 300 400 500
. . . Stimulus (uA
and EM still need to be conducted to compare g-ratio, ion WA
Appendix figure 1: Compound action potential (CAP) recordings demonstrate an
Chal’me| |Ocalization and CAP along development increase in the ratio of N1:N2 with development. Analyzed using a 2-way

ANOVA. **p<0.0005 ****p<0.0001
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Primary Mouse OL Culture

Primary Mouse Oligodendrocyte Culture

(Protocol adapted from Dr. Pam Knapp Lab) Red font are E.D suggestions

Oligodendrocyte cell culture protocol

In advance;:

10.

Sterilize hood with 70% EtOH

Sterilize instruments (10 min to warm sterilizer, 10 sec to sterilize)

Prepare 2 35 mm dishes: one with 3 mL sterile SFM, one with 2 mL SFM + 1 mL Trypsin/DNase
Prepare a 15 mL conical tube with 7 mL SFM

Cover a small piece of cardboard with gauze and soak with 70% EtOH

Decapitate pO-p2 mouse pups (n of 2-3), pin the heads to the gauze pad and spritz with 70% EtOH
Remove the skin and the skull, then transfer the brain into one of the 35 mm dishes

Divide the hemispheres with a scalpel and remove the cerebellum, then remove the meninges under
the dissection scope (thin membranous layer, most visible by vasculature)

Transfer the clean (meninges removed) brains into the second dish of SFM with Trypsin/DNase

Dice the brains into small pieces and transfer them to the 15 mL tube with p1000

Loosen the cap and place in the incubator — incubate for 30 minutes, gently mixing by inversion every
10 minutes

Centrifuge for 5 min at 1000 rpm

Pour off supernatant and resuspend pellet in 9 mL of 10% FBM

Triturate the tissue 12-15 times with a 10 mL stripette — allow large pieces to settle, then filter TOP 4
mL through a pre-wet 100 um filter

Triturate the tissue 12-15 times with a 5 mL stripette — allow large pieces to settle, then filter another 4

mL
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11. Triturate the remaining tissue with a 1000 uL pipette then filter

12. Centrifuge filtrate for 5 min at 1000 rpm

13. Pour off supernatant and resuspend cells in 10% FBM and filter through a 40 um filter (resuspend in at
least 1 mL)

14. Plate on PLL coated T25, ~ 1 brain per flask (4mL total, add 2mL media)

15. Feed cells 24 hours later, washing debris if necessary, then every 2-3 days with 10% FBM — 3-5 days
post plating, switch to OGM (usually around ~60% confluency)

Harvesting OPC’s

16. After 7-10 DIV, shake off microglia for 1 hr at 120 rpm, 37°C (cells should be confluent with plentiful
progenitor on top of the astrocyte bed layer when ready to harvest, should see some sizable progenitor
clumps)

a. Aspirate media containing microglia and replace with fresh ©bM FBM
17. Bang flask on the bench (thigh works better for me, softer surface decreases contaminating cells) 5-10
times to lift oligodendrocyte progenitors and transfer media containing OPCs to conical tube
a. For this step, it’s best to look at the flask, do a few bangs, and check to see what cells have
lifted and assess from there — the bang uses substantial force, not enough to like bruise but it
does hurt

18. DIFFERENTIAL ADHESION STEP transfer harvested cells to a non-TC treated petri dish (100 mm)
and incubate for at least 2 hr

19. Gently tap/swirl the dish to lift the unadhered oligodendrocytes (astrocytes and microglia will adhere
quickly to the dish while OPCs will take longer and will not adhere as strongly)

20. Pellet OPCs at 1000 rpm for 5 minutes — pour off supernatant and resuspend cells in the volume of
media remaining in the tube (~300uL)

a. Count cells and calculate at a density of 50,000 cells per 1mL | calculated 50,000 cells per
0.1mL. Spot 80 uL of ODM onto coverslips, then spot cells into the meniscus of media on PLL
coated 12mm coverslip. After 30 min to an hour flood the wells with 750 pL of ODM

b. Check cells at 24 hours but do not change media until 48 hours after
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c. After change media every 2-3 days, OLs should begin to differentiate after 5 days.
d. Ifind the OLs look best when there is a higher density, but over crowded and not good for
imaging. Therefore, when cells are differentiated, | would GENTLY wash cells trying to knock a

few off to get separated OLs

e Once OLs are differentiated, fix with 4% PFA, | had issues with OLs dying right after differentiation
o For imaging, before PFA fixing, take media and wash cells gently to try to knock off a few cells to

get the OLs more sparse. This will allow better imaging of single OLs

NOTE: Poly-L-Lysine (Sigma #p2636-100mg) should be done at concentration of i.e 100 mg/mL stock

diluted in 20 mL borate buffer and sterile filter

PLL coverslip (CS) coating

1. Prepare Borate Buffer: to 1L of water, add 3.1g of Boric acid (Sigma, cat#B6768) and 4.75g
Sodium Borate (Sigma, cat# 221732). Note* | always had trouble getting this to issolve
completely

2. Aliquot into 50mL conical tubes and store at -20°C.

3. CSstored in 100% Etoh, place CS into 24 well plate and wash with sterile H20

4. Let completely dry (overnight) under hood

5. Put 100uL of PLL on CS and let sit 3hrs or overnight

6. Wash CS 3x 5min each with sterile H20

7. Let completely dry overnight

8. Can store at 4°C up to one month
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SFM
190 mL DMEM
3.5 mL 7.5% NaHCOs
2 mL 50% glucose
1 mL Pen/Strep
Sterile filter
10% FBM
175 mL DMEM
3.5 mL 7.5% NaHCOs
2 mL 50% glucose
1 mL Pen/Strep
20 mL FBS
Sterile filter
Trypsin/DNase
20 mL DMEM
3 mg DNase
500 mg Trypsin

Sterile filter and aliquot — store at -20°C

Borate Buffer
3.1 g boric acid
4.75 g Na Borate
1L ddH.O
pH 8.5, store in fridge

Oligodendrocyte growth media (OGM)
190 mL DMEM
2 mL N2 supplement

2 mL L-Glutamine (100X)
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2 mL Sodium Pyruvate (100X)
3 mL Sodium Bicarbonate (7.5%)
1 mL Pen/Strep
100 pL PDGF-AA (10 pg/mL)
100 pL NT-3 (2 pg/mL)
50 yL bFGF (20 pg/mL)
100 pL Insulin (5 pg/mL)
Sterile filter
Oligodendrocyte Differentiation media (ODM)
190 mL DMEM
2 mL N2 supplement
2 mL L-Glutamine (200X)
2 mL Sodium Pyruvate (100X)
3 mL Sodium Bicarbonate (7.5%)
1 mL Pen/Strep
100 pL Insulin (5 pg/mL)
200 pL NAC (5 mg/mL)
100 pL CNTF (20 ng/mL)
2.4 pL T3 (thyroid hormone, 15 mg/mL)

Sterile filter



OL media stocks
PDGF-AA (peprotech cat# 100-13A-10UG)

o Reconstitute in 100 pL ddH.O
o Dilute with 900 pL 0.1% BSA to final concentration of 10 pg/mL
o Aliquot to 100 pL and store at -20 °C for up to 12 months
o NT-3 (peprotech cat# 450-03-2UG)
o Reconstitute in 20 pL ddH.O
o Dilute with 980 puL 0.1% BSA to final concentration of 2 pg/mL
o Aliquot to 100 pL and store at -20 °C for up to 6 months
e CNTF (peprotech cat# 450-13-20UG)
o Reconstitute in 200 pL ddH.O
o Dilute with 800 uL 0.1% BSA to final concentration of 20 pg/mL
o Aliquot to 100 pL and store at -20 °C for up to 12 months
e NAC (sigma cat#)
o Reconstitute 50 mg NAC in 5 mL ddH>O and 5 mL 0.1% BSA (final conc. 5
mg/mL)
o Aliquot to 200 pL and store at -20 °C for up to 12 months
e Insulin (sigma cat# 16634-50MG)
o Reconstitute 15 mg insulin in 3 mL ddH2O — drop in 1M HCL until solution clears
(insulin has a neutral pH and requires an acidic solution to dissolve, ~0.1M HCL)
o Aliquot to 100 pL and store at -20 °C for up to 6 months
o DbFGF (peprotech cat# 100-18B-10UG)
o Reconstitute in 100 pL 5mM Tris (pH 7.6)
o Dilute in 400 L 0.1% BSA to final concentration of 20 pg/mL
o Aliquot to 50 pL and store at -20 °C for up to 12 months
e T3 (tocris cat# 6666)
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